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i 
Abstract 
 
 
The uptake of Global Navigation Satellite System (GNSS) technology in a variety of 
industries has occurred at a rapid rate.  In particular, the use of the Real Time 
Kinematic (RTK) differential technique has somewhat transformed the approach to 
many traditional tasks requiring accurate positional information. 
 
To maximise advantages provided by this technology, fixed base station antennas 
have become prevalent in areas where regular operation is anticipated.  These fixed 
installations are often found on building rooftops or masts. 
 
Whilst many potential error sources exist in this form of surveying, it is critical that 
the position of the reference antenna is accurately known.  This research addresses the 
positional stability of a reference antenna installed in a permanent application. 
 
The aim of the project was to develop methods to monitor a reference antenna for 
stability over a period of time.  Several methods, including both terrestrial 
observations and GNSS observations, were adopted in the research.  A comparative 
analysis revealed various characteristics of each method. 
 
The results of the research indicated that terrestrial observation, performed with a total 
station, was the most precise monitoring method of those undertaken.  However, 
results that may be considered acceptable in a particular individual user’s situation 
were also obtained through the use of GNSS methods trialled.  Limitations associated 
with the various methods were also discussed and would need to be considered for 
individual applications. 
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Chapter 1 
 
Introduction 
 
 
1.1  Problem Statement 
 
Since their inception, Global Navigation Satellite Systems (GNSS) have seen rapid 
uptake in their use.  The United States operated Global Positioning System (GPS) and 
Russian operated Global Navigation Satellite System (GLONASS) are the two GNSS 
systems widely used today.  Similar systems are becoming operational and will be 
progressively available for use within the next decade. 
 
Although both the GPS and GLONASS systems were primarily developed for 
military purposes, civilian applications have become increasingly popular.  Industries 
such as mining, transport, surveying and geophysical sciences are common users.  
Community service organisations such as rescue organisations and law enforcement 
agencies have also become dependent on this technology. 
 
Several different methods of GNSS measurement have become available since its 
inception.  The most basic form relies on a single GNSS receiver determining and 
intersecting distances from coded signals transmitted by a minimum of 4 satellites.  
This form of measurement is called point positioning and has an accuracy of 10 – 20 
metres (Geoscience Australia 2009).  
 
To achieve superior accuracy differential positioning techniques are used.  These 
methods require multiple receivers and give the user an answer relative to a known 
fixed position.  A particular type of differential technique is called Real Time 
Kinematic (RTK) positioning.  This differential technique involves a correction being 
sent via a data link from a reference station to the remote user.  Data is then processed 
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in the field and provides the user with immediate results at the centimetre level. 
(Trimble 2003, p34).    
 
There has been a recent surge in the use of the RTK form of GNSS usage.  Permanent 
networks of Continuously Operating Reference Stations (CORS) have become 
widespread in developed areas.  These CORS networks allow users to access the 
reference receiver correction via various forms of data links.  Similarly, private 
operators are setting up fixed reference stations for their own applications. 
 
With the accuracy available from this form of measurement, wider applications and 
expectations of its use have materialised.  Surveying, machine guidance and control 
applications all involve users with high demands for reliable and assured positioning.  
In certain instances legal traceability is a requirement (Higgins 2001; Hale, Ramm & 
Wallace 2007) 
 
Whilst numerous potential error sources exist, it is fundamental that the reference 
station antenna position be accurately known over time.  It is this position upon which 
the users position will be determined.  It is therefore apparent there is a necessity to 
have some form of auditing to monitor any disturbance of fixed reference antennas.     
 
1.2  Research Aims and Objectives  
The aim of this research project is to determine methods of monitoring CORS antenna 
stability.  It is intended to achieve the aim via the accomplishment of the following set 
of objectives: 
 
· Research existing methods used to coordinate and monitor stability of GNSS 
CORS antennas. 
· Develop a monitoring regime, using both terrestrial observations and GNSS 
static surveying methods, to monitor the stability of a building mounted CORS 
antenna against fixed ground marks over a period of time. 
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· Carry out surveys according to the planned schedule.  Process data obtained 
during the monitoring surveys and analyse the results. 
· Evaluate the results against Queensland Department of Environment and 
Resource Management (DERM) data for the chosen CORS antenna.  Results 
will also be compared against Geoscience Australia generated coordinates of 
the chosen antenna. 
 
 
1.3  Background 
 
The advent of higher accuracy differential surveying techniques has caused significant 
changes to traditional thinking in the spatial information industry.  Static methods 
requiring post processing of data are particularly useful for control network 
propagation.  However, the RTK technique that allows for centimetre level results in 
real time has transformed the approach to many tasks. 
 
The RTK technique requires a correction signal from a base station, of known fixed 
position, to be transmitted to the roving receiver.  The roving receiver uses the 
information sent from the base reference station to complete the mathematical 
calculation of distances to satellites.  This is called resolving integer ambiguity and is 
performed by determining the number of whole and partial wavelengths between 
satellites and receiver.  The position of the roving receivers is then computed from the 
resulting baseline vector to the reference station. 
 
Regular users of this technology have established permanent reference stations, 
positioned adjacent to frequently used sites.  Exponents of permanently mounted 
reference stations for RTK surveying include mines, local governments and surveying 
firms.  Whilst it is possible to send corrections between bases and receivers over long 
distances via data links such as radio or telephony systems, accuracy of RTK 
surveying decreases with distance.  This occurs as errors seen at the base and receiver 
are not common and the cancelling effect is diminished.  This drawback limits 
distances between base and receiver to between 10-20 kilometres for single reference 
station situations (Wanninger 2008).  
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The distance problem is somewhat overcome by establishing linked networks of 
Continuously Operating Reference Stations (CORS).  The Virtual Reference Station 
(VRS) approach is an example of this type of network.  By establishing a number of 
reference stations, geographically placed to encompass a desired area, computer 
software can provide superior error modelling and precise corrections can be 
established. The correction is then transmitted to the user receiver via some form of 
data link.  Using this approach, distances of up to 100km (Kashani 2004) between 
base and receiver are possible. 
 
The networked CORS approach to RTK surveying is an expanding technology.  Land 
authorities in Australian states are developing such networks allowing subscribers to 
access corrections at will.  The Queensland Department of Environment and Resource 
Management (DERM) operates the ‘SunPOZ’ VRS system in southeast Queensland.  
This system comprises 8 reference station sites covering the more densely populated 
areas of southeast Queensland (see figure 1.1).  Similar networks in other states 
include “CORSnet’ in New South Wales and ‘Vicmap GPSnet’ in Victoria.  
 
 
 
Figure 1.1  SunPOZ Virtual reference station network. (Brisways 2009) 
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Commercial responsibilities mean operators of both single base RTK base stations 
and CORS networks need to be able to validate the position of reference stations.  
Apart from accuracy requirements, quality assurance and legal traceability issues 
demand the integrity of the base antenna be monitored. 
 
Remote base stations may be mounted on purpose built geodetic pillars, though in 
urban areas it is common for base antennas to be mounted atop multi-storied 
buildings.  This is generally done to minimise skyline obstructions between the 
antenna and satellites.  Mounting on building rooflines has the added advantage of 
providing a suitable platform for RTK radio data links to operate from.   
 
There are a number of sources of possible antenna movement in these building 
mounting situations.  These include both ground movement and structural movement 
as well as movement of the actual antenna hardware / mounting itself.  Movement 
may be classed as gradual or rapid.  Gradual movement occurs as a trend over a 
longer time period whilst rapid movement is short term variation occurring from 
events such as extreme winds or sudden temperature changes. 
 
It is within the framework of this situation that the topic of investigating movement 
monitoring methodologies for GNSS base station antennas has been formulated. 
 
 
1.4  Justification 
 
There has been an unquestionable increase in demand and reliance on GNSS products 
from a variety of users.  The surveying industry is one of the larger and more 
discerning of these industries, with accuracy requirements perhaps rivalled only by 
some specialised scientific monitoring operations.  This research has been approached 
from a surveying industry viewpoint. 
 
Several accuracy and consistency requirements of GNSS surveys are apparent.  Firstly 
certain survey types, such as cadastral surveys, have a legal traceability component.  
Secondly there is the obvious desire for results of surveys to be consistent, 
homogenous and repeatable over time.  Finally technological advances of receivers 
Chapter 1 - Introduction 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
6 
and the addition of future satellite networks will allow greater measurement accuracy 
and thus smaller inconsistencies will become apparent within results.  All of these 
issues impact upon requirements for reference antenna positioning to be addressed.  
 
Traditional surveying techniques required calibration of equipment at regular intervals 
to meet with legal requirements.  For example, steel bands were measured against 
standards and electronic distance measuring devices were calibrated over established 
calibration ranges.   
 
In Australia GNSS surveys have not yet reached a point where their measurements 
have attained legal traceability (Higgins 2001).  The Intergovernmental Committee of 
Surveying and Mapping (ICSM) is however proposing a system whereby survey 
connection to a certified geodetic network, linked to the highest order Australian 
Fiducial Network (AFN), will enable legal traceability to be part of surveys.  
Certification to this standard will be issued by the national body Geoscience Australia 
(GA). 
 
For commercial CORS networks, such as SunPOZ, legal issues may arise from 
particular industries relying on the network for accurate positioning.  Emergency 
service investigations of crime and accident scenes or resource management 
authorities delineating boundaries and zones are both examples of situations where 
potential users may require legal verification of their quality if challenged.  In the 
instance of permanently mounted reference stations, the issue of antenna stability 
would be critical to ensure consistency with this proposed datum. 
 
Privately operated CORS networks, such as those operated by mining operations, 
surveying firms or local authorities may not require a legally traceable position, 
however consistency and repeatability of results is paramount.  For referenced GNSS 
positions to be used for asset management or engineering purposes, veracity of the 
fixed reference station is important. 
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Potential accuracy of current GNSS receivers is increasing with technological 
advances and satellite network improvement.  Manufacturer Trimble (2009) state their 
‘R8’ model receiver has an accuracy of 5mm +5ppm horizontally and 5mm +1ppm 
vertically for static surveys and 10mm +1ppm horizontally and 20mm +1ppm 
vertically for RTK surveying.   
 
With the recent addition of the GLONASS satellite system and the impending 
addition of the European Community (EC) / European Space Agency (ESA) ‘Galileo’ 
satellite network greater positioning accuracy should become possible (Landau 2006). 
 
Small variations in reference antenna position may be inconsequential when the 
accuracy and precision of certain GNSS surveys are considered.  With the continuing 
situation of increased accuracy becoming possible, subsequent movements in 
reference station position will become more significant in survey results.  Positional 
quality of the reference station antenna again has an important focus. 
 
Currently commercial CORS VRS networks, such as SunPOZ, are monitored for 
antenna stability on a daily basis.  This is done by comparing the relative position of 
the reference antennas within the network.  Whilst this monitoring technique will be 
examined in the proposed research, it is not proposed that this data analysis be 
recreated for this project.  Instead these results will be accessed and used as a basis for 
comparison of other proposed techniques.  This research should therefore be 
particularly applicable for users with fixed single base reference stations such as 
private firms or local authorities.  
 
 
1.5  Research Methodology 
 
It has been demonstrated that there is a worthwhile need to be able to monitor the 
stability of GNSS reference station antennas in particular circumstances.  The 
research method to approach this task will address the following elements: 
 
· Arranging access to a suitable test reference station and equipment for 
performing monitoring tests. 
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· Designing and performing suitable monitoring tests. 
· Analysing test data using appropriate software. 
· Reporting results of analysis in an appropriate format. 
 
Initially the Queensland Department of Environment and Resource Management will 
be approached to gain access to data generated by one of the reference stations in their 
SunPOZ VRS network.  Upon designing suitable tests expected to meet the project 
aims, arrangements to access the necessary surveying equipment to complete this task 
will be made.  Software capable of analysing data obtained during the tests will also 
be required. 
 
A network design and survey regime to perform the monitoring surveys over a certain 
time period will be established.  It is anticipated fixed ground marks of appropriate 
quality will need to be located or established to suit the proposed survey design.  
Consideration to equipment security, stability and accessibility will need to be given 
in the location of these marks.  Surveys will need to be performed to an appropriate 
schedule to analyse movement over both shorter and longer time periods.  Data from 
the SunPOZ reference station will need to be accessed for the times when these 
surveys were undertaken.  This data, in appropriate form, will also be submitted to 
Geoscience Australia for reduction using their AUSPOS service. 
 
Upon collection of data, post processing will be performed using appropriate 
software.  A statistical analysis of results will then be possible.  By comparing the 
results obtained from the different monitoring methods, it should be possible to 
determine if a particular monitoring method is comparable to other techniques.   
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1.6  Summary 
 
 The advent of permanently mounted reference station antennas for GNSS usage 
presents a need to confirm positional stability.  Without some form of auditing there is 
potential for erroneous data being generated.  Potential consequences of such a 
situation may have both financial and legal ramifications. 
 
It is proposed to examine potential methods to monitor stability on a CORS antenna 
that is part of an existing commercial reference network.  This will allow existing 
monitoring methods, possible only in a network situation, to be compared to some 
other possible methods.  Results are expected to assist in the determination of a 
suitable monitoring method and program for single reference station operations. 
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Chapter 2 
 
Literature Review 
 
 
2.1  Introduction 
 
It is desirable that any results of this research be consistent with research previously 
undertaken relating to this topic.  For this reason a comprehensive review of previous 
comparable research is necessary. 
 
The aim of the literature review is to gain a thorough understanding of the importance 
of GNSS antenna stability, possible causes of antenna instability and review previous 
testing approaches, procedures and results obtained. 
 
The review will initially focus on providing a brief understanding of GNSS and 
differential surveying methods and examine their accuracy and uses.  It will then 
examine antenna stability issues.  Analysis of research specifically relating to antenna 
stability monitoring will follow.  An insight into the relationship between legal 
traceability and antenna stability monitoring will be presented.  Finally relevant 
technical specifications of surveying equipment to be used in the project are to be 
detailed.  
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2.2  GNSS Surveying 
 
Differential surveying techniques require a minimum of 2 receivers with one being set 
as a reference of known coordinates.  The underlying premise of differential GPS 
(DGPS) is that any two receivers that are relatively close together will experience 
similar atmospheric error’ (Chivers 2003).  
 
For code only differential solutions the reference station compares its calculated 
position against the known position and an offset can be calculated.  On the 
assumption that similar errors are seen at both receivers, this shift is applied to the 
second receivers calculated position. 
 
Code only differential positioning has an accuracy of 1-10 metres (Geoscience 
Australia 2009) and is used primarily in navigation and agricultural forms.  Within the 
limitation of this accuracy, antenna stability would not be expected to be as critical as 
for other techniques.  However, users may still consider a less rigorous degree of 
antenna stability monitoring may still be warranted. 
 
 
 
Figure 2.1. Differential GNSS   (Morehead State University, 2006)  
Chapter 2 – Literature Review 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
12 
Carrier phase differential techniques take advantage of the high frequency GNSS 
carrier wave to achieve centimetre level accuracy (Zhang et al. 2006).  Simultaneous 
data logging at both receivers enables post processing of results, however for the RTK 
technique, satellite data at the reference receiver is sent to the second receiver via a 
data link.  Intensive data processing at the rover receiver is then necessary to resolve 
the ambiguities of the double differenced carrier phase measurements, and ultimately 
derive the position of the second receiver (Wanninger 2006).   
 
The major limitation of this technique is that atmospheric errors limit the distance 
between base and receiver to around 20km for reliable ambiguity resolution (Zhang et 
al. 2006).  The approach of using a network of CORS antennas was developed, partly 
to overcome this limitation.  A network of high quality permanent reference stations 
allows accurate modelling of errors and a reliable correction to be sent to the user 
(Higgins 2002). 
 
 
 
Figure 2.2  Network RTK (Trimble VRS Now, 2008) 
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Whilst CORS networks were traditionally seen as passive, in that their data was used 
for post positioning, advances in data link technology have enabled RTK surveying to 
become prominent (Zhang et al. 2006).  With the obvious productivity advantages of 
RTK surveying, there has been a proliferation of fixed reference bases.  Where 
operated by government bodies these networks are often used to augment the local 
geodetic network (Brown et al. 2002)  This involves coordinates being linked back to 
the Australian Fiducial Network (AFN) which is the highest order control of the 
Geodetic Datum Australia 1994 (GDA94). 
 
With such a rigorous coordinate determination it is apparent a quality monitoring 
system should be implemented.  Brown et al. (2002) state there are two key areas such 
a system should embrace.  These are monitoring of raw observations and stability 
monitoring.  This statement is in concurrence with the proposed research. 
 
 
2.3  Antenna Stability Issues 
 
With multi-story buildings being an obvious choice for antenna mounting locations in 
urban areas, this research proposes to have a focus on this type of installation.  
Movement of antennas may come from a variety of sources.  Brown et al. (2002) 
suggest that causes of such movement may come from diurnal heating and expansion 
of buildings, wind effects or mass soil movements and geological events. 
 
As an example, Rizos et al. (2008) conducted a study of structural movement in a tall 
building (192m) using both GPS and accelerometer data.  An extreme wind event was 
shown to have caused displacement of over 30mm (Rizos et al. 2008) at the rooftop.  
This example may serve to show that a building of this type would be unsuitable for a 
CORS antenna location in precise applications.  The height of this building may be 
considered too extreme for CORS antenna location.  However, this example illustrates 
the necessity to consider anticipated building movement for antenna location.  
 
Brown et al. (2002) conducted research to determine the amount of antenna 
movement that was able to be distinguished from “noise” or achievable accuracy.  
Brown et al. describes noise as ‘primarily a function of data quality, multipath and 
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baseline length’.  This research was conducted on the Victorian GPSnet CORS 
network.  The experiment conducted involved using a special antenna mount to move 
an antenna, set to continuously log data, by known amounts in known directions.  
Movements were made after differing logging lengths at various antenna positions, 
with the shortest logging time at any one position being one hour.  The data was 
processed by forming baselines to 3 AFN control stations.  Differencing the measured 
and known movement amounts then allowed Root Mean Squared (RMS) values of 
movement in eastings and height to be presented. 
 
With reference to RMS values for GNSS measurements, Trimble (2004, p 408) 
defines this indicator as ‘the radius of the error circle within which approximately 
70% of position fixes can be found’.  RMS is a commonly used indicator of point 
position accuracy.  Smaller RMS values indicate a statistically more accurate position 
fix.  
 
Table 2.3:  RMS Errors of mechanical vs measured movement for different data 
spans (Brown et al. 2002) 
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The results show RMS values being inversely related to the data acquisition length.  
That is, RMS values were shown to increase (i.e. a noisier solution) for shorter 
observation time periods.  As a comparison, 24 hours of data was shown to produce 
RMS values in the order of 2-4mm in easting and 3-8mm in height.  These values 
increased to over 20mm for the easting component and 45mm for the height 
component when only 1 hour of data was used. 
 
This research gives an expected result in determining that session length is important 
to the reliability of GNSS measurements.  It is possible therefore to conclude that the 
observation time required will be some function of the amount of movement deemed 
to be critical.   It should be noted that the data processing used “Bernese” software 
which is capable of processing the most accurate final orbit parameters issued for 
satellite ephemeris and of considering earth rotation parameters.  For the project being 
undertaken software of this calibre is not available and the level of accuracy that is 
expected to be achieved would not be expected to be similar. 
 
Research performed by Yousufi on the Victorian GPSnet CORS network in 2006 
looked at the effect of weather changes on antenna stability.  Three reference stations, 
making up part of the Victorian GPSnet network, were chosen for the analysis.  An 
analysis of historical weather records was made to determine the exact dates and times 
when events of extreme variation occurred.  In particular, extreme weather events 
such as highest / lowest temperature, highest wind gust and days of rapid temperature 
variation were considered.  Such extreme variations where purported to be likely to 
have caused structural variation in the buildings on which reference station antennas 
were located.  Structural variation was said to be possible due to expansion, 
contraction and sway, which should be at extreme levels during these events.   
 
Historical reference station data was then obtained for the required dates / times of the 
chosen extreme weather events.  This data was used to form baselines and thus 
determine coordinates of the reference stations.  AUSPOS generated coordinates were 
generated for a station that was held as fixed.  Coordinates for each station were 
determined from baselines generated between this fixed station and the others.  The 
post processed static GNSS differential surveying method was used.  Data was 
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processed using “Bernese” software at a 5 second epoch.  For comparison, stability 
was analysed prior to, during and after the extreme weather events. 
 
The graphic below is an example of results obtained during analysis of a weather 
event (temperature drop by 10.3°C).  In this example it can be seen that only small 
variations in coordinate values occurred in the 1 hour of processing whilst the weather 
event occurred.  These values are comparable or smaller than the coordinate variations 
that occurred from longer processing sessions across, before and after the weather 
event. 
 
Table 2.4: Temporal variation for RMIT on 15/12/2002 (Yousufi et al. 2006)  
 
 
These results would tend to indicate that the weather event had minimal effect on 
antenna position.  In any case, it is clear that the variability of the position indicated in 
the results mean any variation that did occur is less than antenna noise or the accuracy 
of the processing results.   
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Analysis of this research shows that session times of 1 hour were used to calculate 
baselines during the weather event.  The Intergovernmental Committee on Surveying 
and Mapping (ICSM) standards document for control surveys SP1 states observation 
periods for baselines less than 10km in length should be 30 minutes minimum.  With 
baselines of up to 17 km used it would be possible to suggest this observation time 
was near the minimum required to reliably resolve integer ambiguities.  Whilst not 
given in the research, Root Mean Square (RMS) values produced in the post 
processing may indicate that any movement was within the limitations of the accuracy 
of the generated coordinates. 
 
Analysis of data produced throughout this research tends to indicate that more reliable 
positional results are not obtained until 2-3 hours of data has been processed (Yousufi 
et al. 2006).  Indeed the author goes on to suggest that the processing software may 
not be capable of detecting such small variations in movement given the measurement 
parameters used.  A combination of short time periods, long baselines and limited 
epochs is offered as a possible reason. 
 
The proposed research will not have the limitation of short measurement times 
imposed.  It is also anticipated that baselines in the order of several kilometres in 
length will be used.  This may assist in reducing some of the statistical variation seen 
in the results obtained here. 
  
 
2.4  Legal Issues 
 
“Traceability is the process of linking physical measurements to officially recognised 
standards, arranged in hierarchy, to provide consistency of measurements to the 
International System of Units (SI)” (Hale et al. 2007).  In Australia it is a requirement 
of the National Measurement Act (1960) that measurements are only legal when they 
are traceable to the Australian primary standard of measurement.  If GNSS 
measurements are to be upheld in a court of law this test must be satisfied.   
 
There was historically some conjecture as to whether differential GNSS 
measurements constitute a measurement between two points.  This is due to the fact 
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that GNSS positions are derived from a baseline between positions that were 
determined by independent distances between receivers and satellites.  However it has 
since been decided that such positions are able to be defined as a physical quantity 
and that for GNSS surveying a process to allow traceability of position should be 
developed (Higgins 2001).     
 
For CORS networks it would therefore be desirable that the network itself be 
established as a reference standard in the hierarchy of national standards (Hale et al. 
2007).  In accordance with this need, the AFN has been recognised as a standard of 
measurement (Hale et al. 2007).  In keeping with the hierarchal structure, the local 
geodetic network is connected to, and adjusted from the AFN.  In this way each and 
every survey, that comprises adequate connection to the local geodetic network, 
becomes legally traceable.  There is a direct path leading back to the highest order of 
measurement i.e. the AFN.  Geoscience Australia is the body given the responsibility 
for verifying and certifying these standards under the National Measurements Act. 
 
If a CORS site is to achieve and maintain this certification, one of the requirements is 
that the site is monitored for coordinate stability as part of a continuously adjusted 
network (Hale et al. 2007).  Automated monitoring routines are used for this purpose 
as there is a need for responsive action to any adverse network conditions. 
 
The above research has shown that where legal implications are possible, there is an 
obvious need for continual monitoring of antenna stability.  A system is currently in 
place that allows data quality to be verified to a designated standard.  The proposed 
research will not attempt to replicate this monitoring.   
 
However, for users not able or inclined to meet these standards some form of 
monitoring would still be desirable.  It is anticipated alternative methods of 
monitoring an existing CORS antenna that is currently meeting the previously 
specified legal requirements, should provide useful information to users with a less 
demanding quality assurance requirement. 
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2.5 Current Monitoring Methods 
 
Information pertaining to the methods used for stability monitoring for three operators 
of the larger commercial CORS networks in Australia has been sourced.  This 
includes the Qld. DERM operated SunPOZ network, Victorian Department of 
Sustainability and Environment (DSE) operated Vicmap Position GPSnet network 
and the New South Wales Department of Lands CORSnet network. 
 
 
2.5.1  Qld. DERM SunPOZ 
 
Discussion with the operators of this network, (Cislowski, G 2009, pers. comm.) has 
revealed the current stability monitoring of the SunPOZ network is conducted in 
several ways.  Firstly, functionality contained in the controlling GPSnet software 
allows instantaneous baselines to be calculated from each data epoch in an automated 
process.  This monitoring uses the IGS ‘ultra-rapid’ ephemeris product.  Suitable 
notifications can be given where value thresholds are reached. 
 
A second monitoring method involves an automated routine being used to process 
baselines on a daily basis, 24 hours after data logging has occurred.  The data 
reduction is performed using ‘Bernese’ software, with monitoring reports being 
automatically produced daily.  This process uses IGS ‘rapid’ ephemeris and orbit 
parameters and 30 second epoch data.   
 
The methodology used for this monitoring involves holding one of the reference 
stations at a fixed coordinate.  An adjustment constrained to this fixed station only is 
then used to coordinate the other stations in the network.   
 
The software itself selects the network layout of baselines to be used on a daily basis.  
This selection is based on the quality of data available for each baseline.  This 
includes factors such as the number of common satellites between any 2 stations.  
Geometrically a different monitoring network may therefore be used on a daily basis, 
with the only constant being that the same station is always held fixed. 
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Reports generated from this processing include: 
 
· RINEX data file verification reports. 
· A station report to analyse the coordinates and individual station statistics of 
each site.  These statistics include running means, daily variation from the 
mean, ranges and standard deviations for each station. 
· A processing report to analyse information regarding the data processing.  
This includes a description of the baselines used for that days processing and 
resulting computed coordinates.  
· A time series report of daily movement trends relative to the fixed station. 
 
Large amounts of station data have been collected for stations in this reference 
network, for periods of several years in some cases.  Movement characteristics of the 
stations are therefore quite well understood. 
 
 
2.5.2 Vicmap Position GPSnet 
 
Information provided by an operator (Hale, M 2009, pers. comm.) of this network 
revealed a multi-layered approach to stability monitoring.  The methods used are 
however similar in many ways to those in use by the SunPOZ operator in Qld.  In 
some part these similarities are a product of the same network software (Trimble 
GPSnet) being in use by each operator. 
 
The first approach is the yearly coordination of each site based on a full week of 
logged data.  The sites are coordinated by Geoscience Australia relative to Australian 
Regional GPS Network (ARGN) sites.  The ARGN is a network of 15 highly accurate 
sites that includes the 8 AFN sites.  Variation in absolute coordinate values will be 
revealed on an annual basis. 
 
Secondly, a similar epoch by epoch monitoring routine as used in SunPOZ is 
performed at each site by the Trimble operating software. 
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Thirdly an independent body conducts monitoring of the sites on a daily basis.  
Similar to the SunPOZ situation, 24 hour data files are processed on a daily basis.  
However in this situation, baselines to ARGN sites are formed.  This produces 
accurate coordinates in the absolute sense.  Relative comparisons on the daily 
coordinates are then made to detect any minor variation.  This processing is also 
performed using ‘Bernese’ software. 
 
Further research is currently being undertaken to monitor variations occurring at a 
period of less than a day.  As for the SunPOZ network, the processing of 24 hour data 
blocks means that any movement occurring within each block is meaned out and 
cannot be accounted for.       
 
 
2.5.3 NSW CORSnet 
 
Correspondence with the network operators (McElroy, S 2009, pers. comm.) relating 
to this network reveals another similar monitoring arrangement to those of the 
previous networks.  The NSW CORSnet service offers a VRS solution using Trimble 
software.  Currently the network comprises 27 reference stations. 
 
At the time of writing the network was undergoing expansion and upgrade.  Current 
practices involve stability monitoring routines performed using Bernese software by a 
third party (University of New South Wales). 
 
Future monitoring will also involve data processing by Geoscience Australia.  This 
should enable the statutory measurement requirements for certification of base 
stations to be fulfilled.  Further monitoring will be conducted internally using Trimble 
‘VRS3net’ CORS management software.  This software will allow automated 
network deformation monitoring routines to be conducted.          
 
 
 
 
 
Chapter 2 – Literature Review 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
22 
2.6  Equipment 
 
The GNSS receivers that will be used to perform static measurements in this project 
are the Leica model ATX1230GG.  The SUNPOZ reference station antenna, which 
will be monitored for movement is a Leica model AT504GG.  This antenna is 
matched to a Leica GRX1200GG Pro GNSS receiver.   
 
The Leica ATX1230GG is a dual frequency receiver capable of receiving 72 
channels.  This includes 14 L1 and L2 GPS bands, and 12 L1 and L2 GLONASS 
bands.  The antenna contains a built in ground plane and proprietary software called 
‘SmartTrak+’ is said to provide superior tracking of satellites at low cut off angles, 
superior signal to noise ratios and mitigate interference and multipath effects (Leica 
2004).  The antenna also has a built in ground plane.  For post processed static 
baselines, Leica (2004) state the achievable accuracy in normal conditions as: 
 
· Horizontal 5mm + 0.5ppm 
· Vertical 10mm + 0.5ppm 
 
Full specifications of the Leica ATX1230GG receiver are available in Appendix A. 
 
The AT504GG reference station antenna is a geodetic grade choke ring antenna that is 
also capable of receiving 72 channels.  This includes the same 14 L1 and L2 GPS 
bands and 12 L1 and L2 GLONASS bands as for the ATX1230GG.  This receiver 
also uses the proprietary ‘SmartTrak+’ software for improved performance.  For post 
processed static baselines, Leica (2006) state the achievable accuracy using long 
duration observations in normal conditions as: 
 
· Horizontal 3mm + 0.5ppm 
· Vertical 6mm + 0.5ppm 
 
Full specifications of the Leica AT504GG antenna and GRX1200GG Pro receiver are 
available in Appendix B and Appendix C. 
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Baselines will be post processed using Leica Geo Office (LGO) software.  This 
program operates on the Windows platform and incorporates a graphical user 
interface.  With regard to GNSS baseline processing the software is capable of using 
both GPS and GLONASS data.  Baselines can be processed using precise ephemeris.  
Numerous baseline and adjustment statistical quality indicators are available as an 
output from the software. 
 
The equipment to be used in the project is of survey grade quality and capable of 
performing the required static measurements.  It should be noted though that the 
equipment is not of the highest standard available for precision GNSS measurements.  
For example the ground plane in the standard ATX1230GG antenna would be 
considered inferior to choke ring models, such as the AT504GG used in the reference 
station, for multipath mitigation.  The difference in antenna quality is reflected in the 
stated accuracy specifications previously listed.  The LGO processing software to be 
used does not have all of the functionality of scientific grade software such as 
“Bernese”.  This includes the ability to accept “final” earth orientation parameters. 
 
However, the chosen equipment is representative of that commonly available to 
generic users such as survey firms and local government authorities.  As stated in 
earlier sections, it is within this context that the project seeks to ascertain the viability 
of antenna monitoring for such users.    
 
  
2.7  Summary 
 
A brief explanation of differential surveying techniques, with particular emphasis on 
phase based measurements, has been presented in this review.  The capabilities and 
potential uses of this technology are apparent. 
 
Previous research specifically examining antenna stability issues was presented and 
analysed.  Techniques used by previous researchers have been critically analysed.  In 
the context of the proposed research, opportunities to use similar monitoring methods 
have been noted.  In particular, elements relating to network design, session length 
and expected results from static GNSS surveys have been noted. 
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Previous information regarding legal issues specifically relating to GNSS 
measurement was presented.  Discussion on this subject examined the proposed 
system for providing traceability for a CORS network.  Whilst this research project 
does not aim to provide a monitoring solution capable of meeting this standard, the 
comparison of monitoring methods with a system of such a standard was expected to 
be useful. 
 
The methods currently used to monitor CORS antenna stability by three large network 
operators were shown.  These methods involve the use of software and resources that 
are somewhat beyond the scope of this project.  In any case, replication of these 
methods is not the project aim.  Instead comparison of results achieved by other 
means against those achieved by these methods will assist in meeting these aims. 
 
Finally manufacturers’ specifications were analysed to determine accuracy standards 
that may be achieved with equipment available for use within this project.  A 
comparison between the more accurate geodetic and standard grade of equipment was 
presented.  Knowledge of the possible accuracy attainable from the equipment to be 
used in this project gives some insight into the type of results possible. 
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Chapter 3 
 
Research Methodology 
 
3.1  Introduction 
 
To meet the required aims of the project accurate field data collection, processing and 
presentation is paramount.  Measurements were required to be performed within the 
framework of a testing plan designed such that results of suitable accuracy were able 
to be achieved. 
 
A well planned research procedure was therefore necessary before commencement.  
This chapter aims to formulate and document a suitable experimentation procedure 
that is capable of producing data of a calibre consistent with the project aim. 
 
To achieve a systematic and practical method of conducting the proposed testing the 
procedure will be arranged in the following major sections: 
 
· Accuracy requirements 
· Measurement methods 
· Testing itinerary 
· Network planning and site selection 
· Equipment configuration 
· Processing methods 
· Data analysis and results presentation 
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3.2  Accuracy Requirements 
 
A review of the necessary accuracy required that would allow meaningful conclusions 
to be drawn dictated the testing methodology selected.  The accuracy achieved from a 
GNSS survey will be a function of the survey style, equipment used, network design, 
satellite geometry, atmospheric conditions, local site environment and baseline 
processing elements. 
 
The antenna to be tested is the Ipswich Reference station used for the SunPOZ CORS 
network coded hence as ‘IPSW’.  This station is mounted on the roof of a 4 story 
building in the Ipswich CBD.  The antenna is affixed to a parapet on the roof via a 
steel mounting bracket.  It was anticipated that any movement would be primarily 
from the building itself.  Whilst current movement of the building is unknown, a 
general assumption can be made from the analysis of testing performed in similar 
situations by Brown and Yousufi that were presented earlier in this paper.  With this 
in mind movements in the order of tens of millimetres could be expected.  
Consequently a measurement method that fits within this order of magnitude of error 
was required. 
 
 
3.3  Measurement Methods 
 
The first requirement is therefore to select suitable measurement methods for the 
antenna in question.  Not only do the methods need to be able to achieve a suitable 
accuracy but they must be practical and fit within the proposed framework of 
monitoring by a body such as a local authority or survey firm. 
 
From a surveying perspective the monitoring choices include:  
 
· Monitoring from fixed reference marks by total station observations 
· Monitoring from fixed reference marks using GNSS observations 
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3.3.1  Terrestrial Observations 
 
The first monitoring proposal reviewed involved the use of a total station to measure 
to the antenna from a reliable control network.  It was anticipated this would give the 
most accurate results given stated total station Electronic Distance Measurement 
(EDM) and angular specifications. 
 
For example, specifications of the Leica 1203 total station include angular accuracy of 
3” and distance accuracy 2mm + 2ppm (Leica 2004).  Ideally a network of stable 
ground reference stations would be placed and coordinated such that the reference 
antenna is surrounded.  This would entail 3 or 4 stations placed at similar distances 
and in an even geometric formation about the antenna.  Observations of distances and 
angles between stations could then be used to coordinate the reference antenna.  A 
network adjustment performed using least squares should theoretically enable a 
statistically accurate position be established. 
 
The initial requirement for directly observing the antenna was to determine which 
point on the antenna should be observed.  The Antenna Reference Point (ARP) is the 
nominated physical measurement point on GNSS antennas.  For the SunPOZ network 
the ARP is the coordinated point on which corrections are based.  From this location 
specific offsets can be applied to reach the phase centre of the antenna.  The phase 
centre is the point at which satellite signals are measured, though it is not a physical 
entity.  Figure 3.1 shows the ARP and offset distances for the Leica AT504 GG 
antenna to be monitored in this project.   
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     TCR: Top of Chokering                  BCR: Bottom of Chokering 
     TGP: Top of Ground Plane               BGP: Bottom of Ground Plane 
     TPA: Top of Preamplifier               BPA: Bottom of Preamplifier 
     TOP: Top of Pole                         
 
Figure 3.1: Leica AT504GG antenna (SLAC National Accelerator Laboratory, 2002) 
U.S. Dept. of Energy 
The ARP for the antenna in question was therefore determined as the ideal point to 
measure to.  Direct measurement of this specific point was however not possible due 
to the mounting bolt used to fasten the antenna to the mounting bracket.  
Subsequently a centred mark on the underside of the bolt head, with suitable vertical 
offset allowance, was used as the measurement point.  Figure 3.2 shows the ARP and 
mounting arrangement of the actual antenna discussed. 
 
 
 
Figure 3.2:  Mounting arrangement at IPSW showing ARP 
ARP
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Once the physical measuring point on the antenna had been established, an analysis of 
suitable ground monitoring locations was performed.  Due to the location of the 
building amongst other buildings of similar height, together with the mounting 
location of the antenna, it was found that only one practical sight line from nearby 
ground locations existed.  Figure 3.3 is an aerial photograph that shows the antenna to 
be monitored marked as “IPSW”.  The only suitable ground location for sighting was 
found to be PSM32026.   
 
 
Figure 3.3: Aerial photograph of terrestrial monitoring survey stations (Ipswich City 
Council, 2009) 
 
Figure 3.4 shows the mounting arrangement of the antenna.  The antenna is attached 
to a steel bracket mounted to the internal corner of the building parapet.  As the 
antenna is mounted at a similar level to the height of a safety rail attached to the top of 
the parapet, limited visibility options were available from nearby ground locations. 
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Figure 3.4: IPSW mounting location on building 
 
With the above limitations in mind a monitoring method somewhat less rigorous than 
the previously discussed ideal method had to be adopted.  However this situation fits 
with project objectives of monitoring in a ‘real world’ situation where practicalities 
require some compromise may be needed. 
 
With reference to figure 3.3 on page 28 the following monitoring procedure was 
established: 
 
· Initial coordination of PSM32026 and PSM32027 were made by static GPS 
observations forming baselines to the reference antenna at Ipswich.  The value 
at PSM32026 was held fixed throughout the monitoring period.      
· Observations were performed from ground station PSM32026.  A backsight 
was set on PSM32027.  Connection to ground marks STN101 and STN102 
confirmed stability of this mark.  A traverse connection to the intermediate 
station STN100 was also made. The distance from PSM32026 to STN100 on 
the rooftop of the building is approximately 205 metres. 
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· Upon shifting the instrument, an observation from intermediate station 
STN100 was made to a distant geodetic trigonometric survey beacon located 
on Mt. Flinders, approximately 20km away.  This observation was used to 
provide a datum check for the survey. 
 
Connections to PSM32026 and the reference antenna monitoring point were 
also made from this station.  The connection to PSM32026 enabled a 
trigonometric height to be calculated, as it was read from each direction.  
Although the connection to the antenna is a single radiation, the short distance 
(less than 30 metres) from STN100 meant heighting accuracy is retained. 
 
A diagram of the survey stations used is shown in figure 3.5. This procedure is 
expected to produce results suitable for comparison to the GNSS methods that were 
also used. 
 
 
Figure 3.5:  Plan of terrestrial stations 
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The field observations were then reduced to produce coordinated values of observed 
stations.  The coordinate system selected for use in the project was Map Grid 
Australia (MGA) based the static Geodetic Datum of Australia 1994 datum (GDA94).  
MGA94 coordinates were used as they are widely understood and accepted and allow 
ready comparison.  To convert field observations to MGA94 coordinates requires the 
application of several corrections during the reduction process. These include: 
 
· Temperature and pressure corrections to Electronic Distance 
Measurement (EDM) measured distances.  These physical corrections are 
automatically applied as a parts per million scalar to the raw distances 
within the instrument. 
· Combined scale factor which is a product of the point scale factor and sea 
level correction was applied to convert observed spheroidal distances to 
plane distances.  Due to the short distances involved line scale factors 
were deemed unnecessary.  
· Conversion of observed angles to plane bearings required the application 
of an arc to chord correction to grid bearings.  This correction is also 
negligible due to the short distances involved and it was not considered in 
calculations.    
 
Results of these calculations were then tabulated in spreadsheet form for analysis and 
comparison.  The results were also converted to graphical formats for easy visual 
display.    
 
 
3.3.2  GNSS Methods 
 
The second approach investigated involved using GNSS measurements to monitor the 
antenna in question from fixed reference stations.  This approach is similar in theory 
to that described for the total station measurements except the observations were 
replaced by baselines formed from GNSS observations. 
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In accordance with the previously mentioned accuracy requirements, a suitable GNSS 
surveying method was required.  Static GNSS observation, using both the L1 and L2 
frequencies, is the most accurate GNSS surveying method possible.  This technique 
enables post processed baselines to be formed between any 2 receivers. 
 
Static surveying involves multiple GNSS receivers simultaneously logging data from 
a minimum of 4 common satellites (El-Rabbany 2002, p.73).  Data must be logged for 
a sufficient length of time such that the integer ambiguities can be resolved and a 
statistically reliable baseline established.  ICSM standards previously referred to in 
this paper specified a minimum of 30 minutes of data be recorded for shorter 
baselines.  This figure increases in accordance with increases in baseline length.  
Larger data sets should thus enable a statistically more robust solution be formed. 
 
Leica state the accuracy of this method, using standard ground plane antennas and the 
Leica Geo office processing software in “normal” conditions, is 5mm + 0.5ppm in the 
horizontal plane and 10mm + 0.5ppm in the vertical plane (Leica 2004).  Greater 
accuracy is possible with the use of choke ring antennas.   
 
Obviously this method is not constrained by the need for line of site between 
antennas.  It therefore allows a larger degree of freedom in mark placement and is 
suitable for this project.  Two independent measurement techniques using the GNSS 
static method were used in the project.   
 
The first independent GNSS method made use of the free online AUSPOS service 
provided by GeoScience Australia to coordinate the antenna at the required times.  
The AUSPOS service involves a user submitting a Receiver Independent Exchange 
Format (RINEX) data file for the antenna in question via an online interface. 
 
The AUSPOS service uses software called MicroCosm to produce coordinates for the 
user.  These coordinates are based on the nearest International GNSS Service (IGS) 
reference stations to the users position, are in the International Terrestrial Reference 
Frame 2000 (ITRF2000) framework and are computed using the latest IGS ephemeris 
product and parameter products available at the time (Geoscience Australia 2009). 
 
Chapter 3 – Research Methodology 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
34 
The AUSPOS service provides results based on very long baselines.  However it uses 
very rigorous processing procedures and is based on the Australian Regional GNSS 
Network (ARGN).  This control network comprises the 8 AFN stations and is of the 
highest order.  It is expected comparison between the 2 independent GNSS methods 
will provide useful comparative results. 
 
The second GNSS method involved monitoring of the antenna in question from a 
network of fixed and stable ground marks sited in the local area.  It is anticipated that 
the relatively short baselines used would result in accurate results.  Further discussion 
on this network will follow.  Within this method of monitoring, the data was 
processed in two ways. 
 
The first processing method involved each baseline being processed individually with 
no adjustments being performed.  From the initial monitoring session, coordinates of 
the ground stations were determined based on the published DERM coordinates of the 
reference antenna and the resultant baseline vector.  These values were held fixed 
throughout the monitoring program.  Subsequent baselines produced at each 
monitoring session were then used to re-coordinate the reference antenna.  A separate 
coordinate thus resulted from each monitoring station within each session.  These 
values will be compared over the course of the project and differences from the initial 
value will be monitored. 
 
The second processing method of the static data involved a fully constrained network 
adjustment being performed for each monitoring session.  The resultant output of this 
method is a single adjusted coordinate for the reference antenna for each session.  
Initial coordination of the ground stations to be used for the monitoring came from a 
mean coordinate determined from multiple static data sessions sent to Geoscience 
Australia for processing using their AUSPOS service.  It was anticipated this method 
would provide a set of reliable starting coordinates on which the monitoring program 
can be based.  The resulting network adjusted coordinate is the product of a least 
squares mathematical solution.     
 
It should be noted it is not be possible to compare the absolute coordinate values 
produced from the different GNSS static surveying methods.  This is due to different 
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starting coordinate values being used on the monitoring stations for the different 
methods.  Whilst it may be a desirable characteristic to be able to compare absolute 
coordinate values between methods this was not seen as a critical requirement.  
Instead the quantity of the relative differences produced by the differing methods will 
allow satisfactory comparison between the methods.    
   
 
3.4  Testing Itinerary 
 
Antenna stability will naturally vary over time.  The project aim of determining 
methods to monitor antenna stability therefore required numerous observations be 
performed over a span of time.  Several questions arise when considering the length of 
time over which monitoring was to be performed. 
 
For the purpose of this discussion it is useful to look at short term variation as any 
movement occurring within a daily period.  This would include movement occurring 
from building movement, weather events and human intervention.  This type of 
movement creates a problematic situation in regards to monitoring using GNSS static 
methods.  A permanent monitoring network is needed with a continuous time based 
output required to view any fluctuation.  
 
This type of internal network monitoring is used by operators of CORS networks and 
is part of the proprietary equipment output.  Such a system is in place for the SunPOZ 
network and its results will be used a basis for comparison in this project.  It is not 
intended for this project that this type of short term monitoring will be attempted.  As 
set out in the project aims, the focus of this project rather seeks to suit applications of 
smaller single base operations where this type of monitoring would not be a realistic 
or practical option. 
 
Longer term variation would generally expect to be that occurring from ground and 
structural movements.  This type of trend movement will allow monitoring at 
intervals of varying frequency, though within the realms of what may be deemed 
practical for single station CORS operators.  This type of monitoring was therefore 
Chapter 3 – Research Methodology 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
36 
the focus of this project and should be possible and practical within the constraints of 
time and equipment. 
 
Based on these limitations a variable frequency testing regime was used.  The theory 
behind this approach was to determine how often a CORS operator may need to test 
for stability.  In line with this approach the following schedule was followed: 
 
· Weekly testing for a period of 3 weeks. 
· 3 weekly testing for a period of 3 x 3 week blocks.  This includes the first set 
of weekly measurements. 
· Historical evaluation using AUSPOS coordinates for the period of the testing. 
 
Whilst it is naturally desirable to have longer time series of data available, this 
approach should allow a reasonable comparison of results over time to be made.  
Statistical evaluation will determine how meaningful any conclusions drawn are.  
 
 
3.5  Network Planning and Site Selection 
 
Important factors dictating the establishment of the control network for the static 
GNSS observations included baseline length, mark stability, network geometry, site 
obstructions, site security and accessibility issues.  These issues affect both the 
accuracy achieved by any observations and the practicality of performing them. 
 
Resources available to the project included access to 3 Leica 1200 ATX1230GG 
antennas and RX1250X Controllers.  This allowed monitoring to be performed 
simultaneously from 3 sites.  Subsequently 3 suitable monitoring sites satisfying the 
above factors were sought. 
 
Accuracy specifications of static methods stated in previous sections have shown that 
accuracy is inversely related to baseline length.  Where the receivers are close 
together the errors seen at each antenna are similar and the reliability of ambiguity 
Chapter 3 – Research Methodology 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
37 
resolution is improved.  For this reason baselines were kept to a minimal length.  
Maximum distances in the order of several kilometres were deemed to be desirable. 
 
The shape and design of a static GNSS survey network is not as critical as traditional 
EDM traverse surveying (Sahin 2007; Cislowski, G 2009, pers. comm.).  This is due 
to this form of survey producing 3 dimensional baseline vectors between stations.  
However it was still seen as a desirable characteristic to create a network with even 
distribution about the antenna to be monitored. 
 
Another important factor that was considered was the stability of placed marks.  Local 
knowledge, and consultation with others experienced in surveying activities in this 
region, was used to eliminate sites where unwanted ground movement is most likely.  
 
A major constraint in performing static observations is the security of the equipment.  
With observation times of over 6 hours expected it was not possible to have each site 
manned for the observation period.  It was therefore desirable to have the equipment 
located in some form of environment free from the possibility of intervention.  A 
number of locations that fit these criteria were sought. 
 
A detailed study of maps and local district knowledge was used to narrow the search 
for potential sites.  Once potential sites satisfying the above criteria had been selected, 
field visits were conducted to more closely investigate suitability.  These site visits 
were conducted to establish suitability with regard to satellite visibility and multipath 
issues. 
 
An unobstructed view of the satellites is critical for reliable GNSS surveys.  Locations 
within each site having a view to the sky with minimal obstruction from objects such 
as buildings and trees were sought.   
 
Multipath is an error source in GNSS measurements caused by satellite signals being 
reflected off surfaces prior to reaching the antenna.  These signals travel a greater 
distance than those travelling directly between satellite and receiver.  The result is 
erroneous or noisy data being used to process results which ultimately affects 
accuracy. 
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Figure 3.6:   GNSS Multipath   (Kowoma 2009) 
 
Locations adjacent to large flat surfaces such as building walls or large signs are 
typically considered to be high multipath environments.  Subsequently a concerted 
attempt to avoid such areas was made. 
 
To further investigate the effects of multipath, the data was analysed using a software 
utility.  The package “GNSS QC” was used to provide a quality check of each 
observation file.  The results of this check were used to substantiate the data integrity 
with regard to multipath.  
 
Another potential noise sources for GNSS surveys is from high voltage powerlines.  
Some research has shown that electromagnetic radiation emitted from this source may 
have an adverse affect on data logged in such a location.   Environments affected by 
powerlines were therefore avoided.     
 
Upon review of all of the above factors it is clear some form of compromise was 
needed with regard to selecting suitable sites.  It was not possible to locate a number 
of sites that met all of the above criteria unequivocally.  Subsequently a subjective 
evaluation based on balancing these criteria was used for final selection. 
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3.6 GNSS Monitoring Site Layout 
 
Upon consideration of the criteria listed in the previous selection 3 sites were selected.  
Figure 3.7 gives a graphical representation of the layout of the sites selected for the 
network.   
 
 
 
Figure 3.7: Static survey monitoring site layout 
     
The station IPSW is the reference antenna that is the focus of the stability monitoring 
program being implemented.  Details of this station were given in a previous section. 
 
Station BOOV was located at the Ipswich City Council Booval depot.  The mark is a 
PSM in a concrete slab.  The only noteworthy point from a GNSS surveying 
perspective is the presence of a large steel shed located approximately 20 metres from 
the chosen mark.  This may be a potential source of multipath.  The baseline vector 
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between IPSW and BOOV is approximately 3.7 km.  Figure 3.8 shows a typical setup 
of the Leica ATX1230GG GNSS receiver at station BOOV. 
 
  
Figure 3.8:  Leica GNSS receiver at station BOOV 
 
Station HAIG is a PSM in concrete slab located at a sewer pump station.  From a 
multipath viewpoint a brick pump station is located approximately 10 metres from the 
mark.  This building also creates a minor limitation on sky visibility in the eastern sky 
to an angle of approximately 25° above the horizon.  The baseline vector to this site is 
approximately 2.5km long. 
 
The final station chosen is the station labelled POND.  This station is located at 
another council depot and is again a PSM anchored in a concrete slab.  No significant 
obstructions or potential multipath sources existed at this site.  The baseline vector 
from IPSW to POND is approximately 1.4km in length. 
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3.7  Equipment Configuration 
 
Use of the Leica TPS1203 total station required only minor noteworthy configuration 
for this particular application.  Correct EDM distances require physical atmospheric 
corrections to be applied within the instrument.  Values for temperature and 
atmospheric pressure recorded at the time of survey were input prior to recording 
observations. 
 
To perform the necessary measurements each of the GNSS receivers was configured 
for the required type of survey.  Other settings such as elevation mask and epoch 
logging time were also set at appropriate values.  As the 3 external monitoring 
receivers and controllers are all of the same type (Leica ATX1230GG antenna and 
RX1250X controllers) this task was somewhat simpler than if a variety of models / 
manufacturers had been used. 
 
As discussed the static survey method will be used for this project.  This method 
requires multiple receivers in stand alone form to simultaneously log data for 
subsequent post processing.   
 
The Leica RX1250X survey controller has a default configuration set called 
“SmartRover PP”.  It was only required to configure the settings within this 
configuration set for correct static surveying to commence. 
 
Critical settings worthy of discussion at this point include: 
 
· Antenna heights 
· Logging rate 
· Satellite settings 
 
Correct antenna height is critical to survey integrity. The use of a height hook allows 
accurate measurement to be taken vertically to the ground mark.  When the hook is 
used it is imperative the survey style is configured as “ATX 1230GG Tripod” to allow 
a standard offset value to be applied to the measured hook value.   
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The logging rate is the epoch recording time to be used.  The Intergovernmental 
Committee on Surveying and Mapping (ICSM) document titled Standards and 
Practices for Control Surveys (SP1) recommends a logging rate of 15 or 30 seconds 
be used.  Sufficiently large data cards are available and in accordance with this 
recommendation a 15 second logging rate was used. 
 
The satellite settings allow the selection and masking of satellites to be used.  As this 
receiver is capable of tracking both GPS and GLONASS satellites a selection is 
needed whether either or both of these should be used.  For short static baselines using 
long observation times GLONASS satellites tend to add noise to the baseline 
solutions rather than accuracy (Cislowski, G 2009, pers. comm.).  It was therefore 
been decided that only GPS satellites would be used to complete the measurements in 
this project. 
 
GNSS elevation masking refers to the blocking of satellites below a set angle from the 
horizon.  Satellites close to the horizon produce noisy data as the signals are travelling 
through the earth’s atmosphere for a greater distance than those from satellites 
overhead.   
 
   
 
Figure 3.9  Satellite elevation mask (Purdue University 2005) 
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For the purpose of this project an elevation cut off angle of 15º was used.  This figure 
is in accordance with recommendations found in the ICSM SP1 document as a 
general requirement for GPS surveys.  This setting was thought to be appropriate, as 
relatively long observation times would be used and the quality of data logged was the 
priority of this task. 
 
The reference antenna is currently operational within the SunPOZ network.  It is 
therefore not possible to alter the current configuration settings.  The data produced 
by this antenna was supplied courtesy of the Qld. DERM.  An investigation into 
settings currently being used on this antenna revealed the following: 
 
· The elevation mask is set at 0º.  The theory behind choosing this value is to 
allow the receiver at the users end the opportunity to resolve ambiguities at the 
earliest possible stage (Cislowski, G 2009, pers. comm.).  As the CORS sites 
are all in low multipath environments with good sky visibility it is expected 
that the signal to noise ratio of data generated by lower elevation satellites is 
still of reasonable quality. 
· Data is logged at a 1 second epoch in a continuous stream.  Daily files are then 
created upon the reception of each 24 hours of data.  The data obtained for this 
project was supplied in RINEX format.  
· The antenna is logging both GPS and GLONASS data although the SunPOZ 
VRS correction works off GPS only. 
· The SunPOZ network is controlled by Trimble GPSnet reference station 
software package. 
 
   
3.8  Processing Methods 
 
Terrestrial observations were manually booked in a field book.  These observations 
were subsequently reduced to MGA94 coordinate values with the use of a 
programmable calculator and Microsoft Excel spreadsheet. 
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Post processing of GNSS results was performed using Leica Geo Office software.  
The input to this software for static reductions consisted of the logged observation 
data files from each receiver and ephemeris files obtained online from the IGS 
website.  Base station coordinates for each baseline were a user input requirement. 
 
Several versions of ephemeris file are available from this organisation. The following 
table 3.9 lists these options: 
 
Table 3.10  IGS ephemeris accuracy and availability (IGS 2009) 
 
IGS Product Table [GPS Broadcast values included for 
comparison] 
 Accuracy Latency Updates Sample Interval  
GPS Satellite 
Ephemerides/ 
Satellite & 
Station Clocks 
 
orbits ~160 cm 
Broadcast Sat. 
clocks ~7 ns 
real 
time -- daily  
orbits ~10 cm Ultra-
Rapid 
(predicted 
half) 
Sat. 
clocks ~5 ns 
real 
time 
four 
times 
daily 
15 min   
orbits <5 cm Ultra-
Rapid 
(observed 
half) 
Sat. 
clocks ~0.2 ns 
3 hours 
four 
times 
daily 
15 min   
orbits <5 cm 15 min 
Rapid Sat. & 
Stn. 
clocks 
0.1 ns 
17 
hours daily 5 min 
  
orbits <5 cm 15 min 
Final Sat. & 
Stn. 
clocks 
<0.1 ns 
~13 
days weekly 5 min 
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It is generally accepted that for short baselines the use of precise ephemeris doesn’t 
affect the processing results.  However use of these files over the broadcast ephemeris 
does give an operator some confidence that any gross errors will have been removed.  
This eliminates a potential source of processing problems and as such it was seen as 
desirable to use either the ‘final’ or ‘rapid’ ephemeris files for the project. 
 
Where possible the ‘final’ ephemeris will be used.  However it is anticipated that in 
the interests of expedience the 13 day delay to availability may cause unwanted delays 
in the project and it may necessary to use the ‘rapid’ version of the ephemeris.  It is 
noted that the specified accuracy of these products is the same for both satellite orbit 
and clock offset. 
 
Final output of the post processing will result in baselines that are then used to 
coordinate the stations in question.  As previously discussed the resultant baselines 
will be used both in the form of both the raw baseline and a fully constrained network 
adjustment. 
 
This software has inbuilt transformation parameters that allows the user to display 
results in various coordinate systems, including the MGA94 set used for this project.  
Subsequently no user input was needed to apply the reduced baselines to the base 
stations, and display resulting station values in the desired coordinate system.    
 
The AUSPOS processing service requires the submission of data files in RINEX 
format.  To produce data files in this format it was necessary to convert the 
proprietary Leica format that is the output of the equipment to be used.  This task was 
performed using software called “TEQC”.  This software is a freeware utility that 
allows translation, editing and splicing of common GNSS data formats.  
 
 
 
 
 
 
 
Chapter 3 – Research Methodology 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
46 
3.9  Data Analysis and Results Presentation 
 
Final comparison of antenna position coordinates is presented in both graphical and 
textual formats.  Microsoft Excel software is ideally suited to this task with both 
forms of output possible from the same data set.  This software is also used to present 
statistical and quality indication reports produced as outputs from Leica Geo Office. 
 
To enable conclusions regarding the suitability of the proposed monitoring methods to 
be made, comparison to the existing monitoring data used on the SunPOZ antenna 
IPSW were be made.  Access to this data will provide an excellent baseline to which 
the proposed monitoring methods can be contrasted.  This comparative analysis 
should allow a conclusion on the quality and robustness of the proposed monitoring 
method to be made. 
 
 
3.10  Consequential Effects 
 
To enable this project to be undertaken, assistance in the form of both technical advice 
and access to data sets was provided by the Qld. DERM.  In a professional sense, 
some degree of responsibility is attached to the acceptance of this information. 
 
It is incumbent that an appropriate level of discretion and care is taken when working 
with the property of other organisations.  Whilst results using the provided data sets 
will be presented in this paper, the data will not be used for purposes other than those 
discussed with this organisation.  The importance of establishing and maintaining a 
working relationship with other industry professionals is noted as a desirable outcome 
of the project. 
 
GNSS equipment used to undertake measurements used in this project will be loaned 
from a survey supplier on a good will basis.  Obviously this equipment will need to be 
treated in a responsible manner.  In a similar fashion to that above, there is a need for 
solid working relationships to be maintained throughout such dealings. 
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There is some possibility other industry professionals may use the results of this 
research for particular reasons.  There is therefore some degree of ethical 
responsibility attached to conduct the research in an honest and diligent manner and 
present results free of any bias. 
 
No noteworthy environmental or sustainability issues were identified as being 
associated with this project. 
 
 
3.11  Risk Assessment 
 
The project requires some field measurements be completed.  Some of the locations 
for these will be in council depots where a relatively large traffic volume comprising a 
high percentage of trucks exists.  All field work will be completed during daylight 
hours. 
 
A hazard identification assessment of the project identified traffic as a hazard.  The 
potential effects of such an incident were deemed to be serious with the possibility of 
major injury or death occurring from being struck by a vehicle.  The likelihood of 
such an event occurring in this instance was deemed to be moderate with regular 
exposure to the hazard required. 
 
Measures to be adopted to control the risk were then established.  These include: 
 
· Wearing of high visibility clothing. 
· Use of barriers and traffic control signs around work sites. 
· Minimising time spent in trafficable areas 
 
After the implementation of these measures the risk was deemed to be of a low level. 
No other hazards were identified in reviewing this project.  A risk assessment form 
applicable to this project has been prepared and is presented in Appendix D.  
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3.12  Resource Analysis 
 
An identification of resource requirements needed for this project was undertaken.  
The following elements were identified as being essential to the project completion: 
 
· Total station 
· 3 tripods and associated tribachs / prisms for traversing and measuring 
· 3 GNSS receivers and data loggers.  The receivers need to be dual frequency 
survey grade items capable of making the required static measurements. Data 
loggers must be capable of logging up to 12 hours of data at a 15 second 
epoch. 
· 3 tripods and tribachs suitable for the mounting and centring of the GNSS 
antennas over fixed marks. 
· Leica Geo Office software with a post processing license. 
· Data access to the SunPOZ IPSW reference antenna for selected time periods.   
· TEQC software for the conversion of data to RINEX format for submission to 
the AUSPOS online processing service. 
 
 
3.13  Project Timeline 
 
The nature of the project required a periodic monitoring regime.  The timing of the 
observations was relatively critical to the ability of the project to produce a useful 
comparison of data over varying timeframes.  Other factors such as equipment 
availability and site access imposed further constraints on times when observations 
could be conducted. 
 
To determine the effects of monitoring at different intervals, observations were 
performed over two time cycles.  For the initial 4 weeks of the program observations 
were performed on a weekly basis.  After the first month had elapsed the observations 
were performed at a 3 week interval.  It was hoped this comparison may offer some 
insight into the worth or otherwise of testing at different intervals. 
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The observations were undertaken according to the schedule listed in table 3.10. 
 
Table 3.11  Project timeline 
Week Date Activity 
1 30 / 31 May Observations - Terrestrial / Static GPS 
2 5 June Observations – Static GPS 
3 12 June Observations – Static GPS 
4 19 / 20 June Observations - Terrestrial / Static GPS 
5 - 7 21 June – 9 July Data Reduction and Analysis 
8 10 /11 July Observations - Terrestrial / Static GPS 
9 - 11 12 July – 30 July Data Reduction and Analysis 
12 31 July / 1 August Observations - Terrestrial / Static GPS  
13 - 23 2 August – 29 
October 
Data Reduction and Analysis,  Dissertation 
preparation 
 
 
3.14  Summary 
 
Two methods for testing antenna stability have been presented in this chapter.  
Monitoring from a network of fixed ground marks using both terrestrial observations 
performed with a total station and static GPS baselines were discussed.  Both of these 
methods are accepted within the surveying industry, and their use is justified by 
similar previously examined research. 
 
The procedure to methodically select suitable test sites for the establishment of such a 
network has been presented.  Compromises requiring subjective judgement had to be 
made to best satisfy competing demands of the site selection criteria. 
 
The project timeline presented in this chapter was prepared within the constraints of 
providing the project the best opportunity of producing useful results and practical 
considerations of resource availability.  Sufficient periods left between observation 
times provided a degree of flexibility in the event of changes to circumstances.    
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Continual monitoring of coordinate values allows any significant comparative 
movement to be detected.  Statistical indicators on the quality of solutions will also be 
examined and analysed.  These indicators are an important tool for determining the 
veracity, or otherwise, of the monitoring methods presented in this project.  
Comparison with current monitoring performed on this reference antenna by the Qld. 
DERM will provide evaluation of the technique used.     
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Chapter 4 
 
Results 
 
4.1  Introduction 
 
The previous chapter described methods that were used to perform stability 
monitoring of the chosen reference antenna.  In accordance with the discussed 
procedures data was collected using two separate methods (terrestrial observations 
using a total station and static GPS).  Data collection took place according to specified 
time schedules, with the notable exception that terrestrial observations were not 
performed at the initial weekly period during the first month.  Time constraints meant 
the terrestrial observations could only be performed at monthly intervals.   
 
The resulting data sets were then reduced / processed as required.  In the case of the 
static GPS data, different processing methods were used on the same data sets.  This 
chapter aims to present the results of this data processing to then allow further 
analysis be made and conclusions drawn. 
 
Initially the results of each method will be presented separately.  The results of the 
individual methods and processing will then be combined and presented together.  
This will assist in allowing comparisons to be made between the differing methods. 
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4.2 Data Processing Methods 
 
Terrestrial observations performed using a total station were reduced using Leica Geo 
Office and Microsoft Excel software. 
 
Initially GPS observation files were processed using Leica GNSS QC software.  This 
validated the integrity of the files, with particular attention paid to the multipath 
analysis results.  Static GPS baseline processing was then performed using Leica Geo 
Office software.  Microsoft Excel was again used to collate and tabulate these results 
for presentation in this chapter of the report  
 
     
4.3 Terrestrial Observations 
 
The initial stage of performing terrestrial observations was to coordinate the ground 
stations to be used during monitoring.  Reference to figure 3.3 on page 28 gives a 
planar view of the station layouts. 
 
The two stations that were coordinated were PSM32026 and PSM32027.  This was 
done using static GPS observations to form baselines to the reference antenna.    The 
coordinate used for the reference station was the published DERM value for this 
station.  Coordinate values established as a result of these baselines were: 
 
Table 4.1: Initial coordinates for terrestrial observations 
Station Description MGA94 Easting MGA94 Northing 
Ellipsoidal Height 
(m) 
PSM 32026  DATUM  476535.392 6945195.677 60.358 
PSM 32027 DATUM 476362.575 6945256.731 65.555 
 
Upon acceptance of these figures as being valid, the first monitoring session was 
conducted.  The terrestrial monitoring occurred immediately after the static 
observations had been completed.  This enable the same centred tribrachs to be used, 
thus limiting errors created from differing setups. 
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The field observations were then reduced to produce coordinated values of observed 
stations.  The coordinate system selected for use in the project was Map Grid 
Australia (MGA) based on the Geodetic Datum of Australia 1994 datum (GDA94).  
These MGA94 coordinates were used as they are widely understood and accepted and 
allow ready comparison.  
 
To convert field observations to MGA94 coordinates requires the application of 
several corrections during the reduction process. These include: 
 
· Temperature and pressure corrections to Electronic Distance 
Measurement (EDM) measured distances.  These physical corrections are 
automatically applied as a parts per million scalar to the raw distances 
within the instrument. 
· Combined scale factor which is a product of the point scale factor and sea 
level correction was applied to convert observed spheroidal distances to 
plane distances.  Due to the short distances involved line scale factors 
were deemed unnecessary.  
· Conversion of observed angles to plane bearings required the application 
of an arc to chord correction to grid bearings.  Upon calculation of this 
correction its value was found to be negligible due to the short distances 
involved.  Subsequently it was deemed sufficient not to consider its 
application in calculations.    
 
Results of the initial session were used as a base to which subsequent monitoring 
sessions would be compared.  The results of all monitoring sessions conducted using 
terrestrial observations are set out in table 4.2.  The figures given in the delta columns 
(∆) are with reference to the initial monitoring session 30/05/2009.   
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Table 4.2: Terrestrial observations relative coordinate comparison 
Station Description 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height 
∆E   
(m) 
∆N  
(m) 
∆Ht 
(m) 
30/05/2009            
PSM 32026  DATUM  476535.392 6945195.677 60.358 0.000 0.000 0.000 
PSM 32027 CHECK  476362.575 6945256.731 65.555 0.000 0.000 0.000 
STN 101 CHECK SCREW 476541.037 6945212.361 60.232 0.000 0.000 0.000 
STN 102 CHECK SCREW 476552.316 6945192.476 61.383 0.000 0.000 0.000 
STN 100 RSET ROOF 476342.700 6945266.221 88.938 0.000 0.000 0.000 
IPSW FROM STN 100 476350.119 6945294.072 89.873 0.000 0.000 0.000 
                
                
20/06/2009               
PSM 32026  DATUM  476535.392 6945195.677 60.358 0.000 0.000 0.000 
PSM 32027 CHECK  476362.577 6945256.730 65.555 0.002 -0.001 0.000 
STN 101 CHECK SCREW 476541.039 6945212.362 60.232 0.002 0.001 0.000 
STN 102 CHECK SCREW 476552.318 6945192.475 61.383 0.002 -0.002 0.000 
STN 100 RSET ROOF 476342.699 6945266.217 88.939 -0.001 -0.004 0.001 
IPSW FROM STN 100 476350.117 6945294.069 89.875 -0.002 -0.004 0.002 
                
                
11/07/2009               
PSM 32026  DATUM  476535.392 6945195.677 60.358 0.000 0.000 0.000 
PSM 32027 CHECK  476362.575 6945256.731 65.554 0.000 0.000 -0.001 
STN 101 CHECK SCREW 476541.036 6945212.361 60.231 -0.001 0.000 -0.001 
STN 102 CHECK SCREW 476552.317 6945192.474 61.382 0.001 -0.002 -0.001 
STN 100 RSET ROOF 476342.697 6945266.215 88.938 -0.003 -0.006 0.000 
IPSW FROM STN 100 476350.116 6945294.066 89.872 -0.003 -0.006 -0.001 
                
                
1/08/2009               
PSM 32026  DATUM 476535.392 6945195.677 60.358 0.000 0.000 0.000 
PSM 32027 CHECK  476362.575 6945256.731 65.554 0.000 0.000 -0.001 
STN 101 CHECK SCREW 476541.038 6945212.361 60.23 0.002 0.000 -0.002 
STN 102 CHECK SCREW 476552.318 6945192.473 61.382 0.001 -0.003 -0.001 
STN 100 RSET ROOF 476342.697 6945266.216 88.939 -0.003 -0.005 0.001 
IPSW FROM STN 100 476350.115 6945294.070 89.873 -0.004 -0.002 0.000 
        
Standard 
Deviation 
IPSW      0.0010 0.0021 0.0015 
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4.4 GNSS Observations  
 
As discussed in the previous chapter data collected from static GNSS surveying 
methods was used in several ways to perform stability monitoring on the reference 
antenna.  This included the online AUSPOS service as well as monitoring from a 
local ground station network.  The data collected from the observations to the local 
ground stations was to be processed in two ways.  This included the use of individual 
raw baselines as well as a fully constrained network adjusted technique. 
 
 
4.4.1 AUSPOS Results 
 
Data for the IPSW reference antenna was provided by DERM.  This data was 
requested and subsequently supplied in the appropriate RINEX format.  A brief check 
of the data file was performed to validate that the correct session period, antenna types 
and heights and logging rate had been used. 
 
The RINEX files were then run through the “GNSS QC” software utility.  This utility 
returns a variety of information regarding the file.  Particular note was made of 
indicators such as the average PDOP, multipath RMS error and cycle slip numbers.  
Threshold values indicated by the software manufacturer Leica were used during this 
processing. 
 
Upon satisfactory reports from this software data was uploaded via the web interface 
to the Geoscience Australia site.  These results are tabulated in table 4.3.  An example 
of a processing report returned from this service is presented in Appendix F. 
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Table 4.3: ‘GNSS QC’ results for multipath and cycle slip analysis at station IPSW 
 Multipath Multipath  
Date Station 
L1 RMS Error (m) 
(Threshold 0.5) 
L2 RMS Error (m) 
(Threshold 0.5) 
Cycle Slips as % of Total 
Observations  
(Threshold  0.2) 
    
31/05/2009    
IPSW  0.090 0.085 0.119 
    
5/06/2009    
IPSW  0.118 0.108 0.096 
    
12/06/2009    
IPSW  0.107 0.095 0.067 
    
19/06/2009    
IPSW  0.127 0.108 0.097 
    
10/07/2009    
IPSW  0.017 0.017 0.084 
    
31/07/2009    
IPSW  0.017 0.018 0.066 
 
 
Results returned by this service include a report detailing final coordinates of the 
station for which the data was submitted as well as quality indicators for the processed 
baselines.  Results are returned in several coordinate formats, with the MGA94 format 
used for this project.   Valid thresholds for RMS error (0.0005 - 0.0250 m) and the 
percentage of deleted observations (0-25%) along with any warning flags were noted 
prior to accepting the resulting coordinates as valid. 
 
Table 4.4 lists the results obtained from the AUSPOS processing service.  As with all 
of the methods, the station coordinates from the first observation session (31/5/2009) 
were held as fixed throughout the project with each subsequent monitoring session 
being compared to this value.  The results of this comparison are listed in the delta (∆) 
columns. 
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Table 4.4: AUSPOS relative coordinate comparison 
Date / 
Station 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height 
∆E 
(m) 
∆N  
(m) 
∆Ht 
(m) 
       
31/05/2009       
IPSW 476350.096 6945294.028 90.062 0.000 0.000 0.000 
       
5/06/2009       
IPSW 476350.098 6945294.029 90.059 0.002 0.001 -0.003 
       
12/06/2009       
IPSW 476350.116 6945294.035 90.042 0.020 0.007 -0.020 
       
19/06/2009       
IPSW 476350.093 6945294.041 90.102 -0.003 0.013 0.040 
       
10/07/2009       
IPSW 476350.101 6945294.038 90.053 0.005 0.010 -0.009 
       
31/07/2009       
IPSW 476350.096 6945294.032 90.083 0.000 0.004 0.021 
       
Standard 
Deviation    0.0090 0.0047 0.0243 
         
    
4.4.2 Individual Static Baselines 
 
After the completion of each monitoring session, logged field data was downloaded 
from storage cards for processing.  Data was also requested from DERM for the 
reference station antenna at the appropriate times and in the appropriate format.  The 
data from each session was then uploaded to a project created for that particular 
session in the Leica Geo Office software package for processing. 
 
The initial processing involved verifying the data for obvious errors.  Input station 
heights were cross checked against field notes to ensure correct heights had been 
used.  Field data in Leica proprietary format was then converted to RINEX format to 
allow quality checking using the Leica GNSS QC utility.  The files were similarly 
verified as per discussion in the previous section.  Results of the quality check are 
presented in table 4.5. 
 
Chapter 4 – Results 
_____________________________________________________________________ 
_______________________________________________________________________________________________________ 
58 
 
Table 4.5: Leica GNSS QC results for multipath and cycle slip analysis at stations 
BOOV, HAIG and POND 
 Multipath Multipath  
Date / Station 
L1 RMS Error (m) 
(Threshold 0.5) 
L2 RMS Error (m) 
(Threshold 0.5) 
Cycle Slips as % 
of Total 
Observations  
(Threshold  0.2) 
    
    
31/05/2009    
BOOV  0.173 0.190 0.032 
HAIG 0.288 0.405 0.096 
POND  0.244 0.293 0.070 
    
5/06/2009    
BOOV  0.158 0.209 0.033 
HAIG 0.319 0.371 0.306 
POND  0.325 0.518 0.081 
    
12/06/2009    
BOOV  0.135 0.165 0.008 
HAIG 0.304 0.353 0.317 
POND  0.278 0.447 0.099 
    
19/06/2009    
BOOV  0.113 0.184 0.027 
HAIG 0.325 0.345 0.176 
POND  0.307 0.451 0.078 
    
10/07/2009    
BOOV  0.139 0.203 0.000 
HAIG 0.222 0.250 .299 
POND  0.246 0.424 0.092 
    
31/07/2009    
BOOV  0.131 0.172 0.014 
HAIG 0.260 0.313 0.106 
POND  0.279 0.441 0.082 
    
Mean Multipath 
Error    
BOOV  0.142 0.187  
HAIG 0.286 0.340  
POND  0.280 0.429  
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As precise ephemeris was used for processing, a delay of approximately 2 weeks was 
imposed to allow access to the appropriate files.  The ephemeris files were then 
uploaded into Leica Geo Office to allow processing to commence. 
 
Individual baselines from each session were processed using the IPSW reference 
antenna as the base.  The first observation session was used to coordinate the ground 
stations, with subsequent monitoring sessions holding these values fixed.  The 
reference antenna coordinates used to seed this processing were the DERM published 
values.  The reference antenna was then re-coordinated from each ground station in 
each monitoring session and results compared. 
 
Before accepting the results of each processed baseline, quality indicators were 
viewed to check for any anomalies.  The positional quality indicator contained in the 
processing reports for each baseline is an RMS value of the standard deviations of the 
horizontal and vertical components (Leica, 2009).  This value was the primary 
indicator used to assess whether the baseline solution was of acceptable quality.  An 
example of a processing report from an individual static baseline monitoring session 
is presented in Appendix G. 
 
As for previous monitoring methods, the resulting coordinates were displayed in the 
MGA94 coordinate system.  All delta coordinate differences are relative to the initial 
coordination of the ground stations. 
 
The results of the individual baseline processing are presented in table 4.6 following. 
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Table 4.6: Individual Static GPS baseline coordinate comparison 
Date / 
Baseline 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height (m) 
Baseline 
Position 
Quality 
∆E 
(m) 
∆N  
(m) 
∆Ht 
(m) 
31/05/2009        
(Initial 
Coordination of 
Stations)        
IPSW - BOOV 479967.684 6946072.560 59.118 0.0005 0.000 0.000 0.000 
IPSW - HAIG  475498.980 6947669.846 61.510 0.0005 0.000 0.000 0.000 
IPSW - POND 475175.066 6944541.043 62.972 0.0004 0.000 0.000 0.000 
        
5/06/2009        
BOOV - IPSW  476350.114 6945294.048 89.875 0.0003 0.002 -0.014 0.001 
HAIG - IPSW  476350.110 6945294.049 89.870 0.0003 -0.002 -0.013 -0.004 
POND - IPSW  476350.111 6945294.046 89.867 0.0003 -0.002 -0.016 -0.006 
        
12/06/2009        
BOOV - IPSW  476350.110 6945294.055 89.873 0.0003 -0.002 -0.007 0.000 
HAIG - IPSW  476350.108 6945294.056 89.872 0.0003 -0.004 -0.006 -0.001 
POND - IPSW  476350.110 6945294.05 89.873 0.0003 -0.002 -0.012 0.000 
        
19/06/2009        
BOOV - IPSW  476350.113 6945294.057 89.865 0.0003 0.001 -0.005 -0.008 
HAIG - IPSW  476350.108 6945294.056 89.864 0.0004 -0.004 -0.007 -0.009 
POND - IPSW  476350.112 6945294.049 89.869 0.0004 0.000 -0.014 -0.005 
        
10/07/2009        
BOOV - IPSW  476350.122 6945294.071 89.904 0.0004 0.010 0.009 0.031 
HAIG - IPSW  476350.115 6945294.069 89.898 0.0004 0.003 0.007 0.025 
POND - IPSW  476350.113 6945294.058 89.884 0.0002 0.001 -0.004 0.010 
        
31/07/2009        
BOOV - IPSW  476350.118 6945294.065 89.897 0.0003 0.006 0.003 0.024 
HAIG - IPSW  476350.113 6945294.065 89.900 0.0003 0.001 0.003 0.027 
POND - IPSW  476350.117 6945294.055 89.891 0.0003 0.005 -0.007 0.018 
        
Standard 
Deviation        
BOOV - IPSW      0.0047 0.0086 0.0168 
HAIG - IPSW      0.0030 0.0081 0.0169 
POND - IPSW      0.0028 0.0050 0.0105 
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4.4.3 Fully Constrained Network Adjustment 
 
To further explore alternate monitoring methods the static GPS point position data 
that had been previously logged, was then used in a fully constrained network 
adjustment.  It was anticipated this method would produce a statistically more precise 
position than using the raw individual baselines separately. 
 
The initial task was to coordinate the ground stations with values that could be held 
fixed throughout the monitoring program.  This was performed using the AUSPOS 
coordination service as it was considered this would produce a reliable set of starting 
coordinates.   
 
To achieve the best possible outcome, this task was left until the entire field data 
collection phase of the monitoring program had been completed.  This enabled all of 
the field data sets to be coordinated through the AUSPOS service.  This task was 
conducted in the same manner as discussed previously for AUSPOS submission.  
Each ground station used for monitoring had approximately 8 hours of data logged for 
each session.   
 
The result of this data submission was an MGA94 coordinate for each of the 3 fixed 
monitoring sites for each of the 6 monitoring sessions.  Again, the AUSPOS results 
were first verified for quality by analysing the statistical reporting data.  Two of the 
submitted data files returned quality indicators revealing high RMS values.  Further 
investigation of the resultant coordinates revealed the coordinate values returned were 
significantly different to the other returned coordinates for those stations.  
Subsequently these results were not used in the final determination of the mean 
coordinates. 
 
Once satisfied with the quality of the remainder of these coordinates a mean value for 
each of the 3 sites was determined.  These values are listed in table 4.7. 
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Table 4.7: AUSPOS coordination values of monitoring sites. 
Date / Station 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height (m) 
31/05/2009    
BOOV 479967.663 6946072.523 59.297 
HAIG 475498.963 6947669.812 61.668 
POND 475175.047 6944541.005 63.152 
    
5/06/2009    
BOOV 479967.657 6946072.524 59.307 
HAIG 475498.961 6947669.816 61.704 
POND 475175.045 6944541.015 63.156 
    
12/06/2009    
BOOV 479967.672 6946072.531 59.288 
HAIG 475498.961 6947669.814 61.674 
POND 475175.049 6944541.026 63.128 
    
19/06/2009    
BOOV 479967.641 6946072.549 59.299 
HAIG ** 475498.988 6947669.830 61.782 
POND ** 475175.143 6944541.034 63.290 
    
10/07/2009    
BOOV 479967.670 6946072.533 59.254 
HAIG 475498.970 6947669.815 61.631 
POND 475175.038 6944541.013 63.090 
    
31/07/2009    
BOOV 479967.685 6946072.526 59.295 
HAIG 475498.967 6947669.818 61.753 
POND 475175.051 6944541.023 63.202 
    
Mean Coordinates    
BOOV 479967.665 6946072.531 59.290 
HAIG 475498.968 6947669.818 61.702 
POND 475175.046 6944541.016 63.146 
    
Standard Deviation (m)    
BOOV 0.0149 0.0097 0.0187 
HAIG 0.0040 0.0022 0.0456 
POND 0.0050 0.0084 0.0410 
 
** Results not used due to high RMS values. 
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Once the fixed ground monitoring station coordinates had been determined baseline 
processing in Leica Geo Office was performed.  For each monitoring session, each of 
the ground stations was seeded with the required coordinate and baselines to the 
reference antenna were processed.  These baselines were initially checked for quality 
via the positional quality indicators reported in the software. 
 
When satisfied with these results a network adjustment was performed.  Initially a 
minimally constrained adjustment was performed to assess how well the observations 
fitted together.  This was done to detect any obvious bad data that may bias results. 
 
The monitoring stations were then changed to control class to allow a fully 
constrained adjustment to be performed.  The fully constrained adjustment was then 
performed and the report statistics analysed.  For reference purposes, an example 
processing report from a network adjustment session is shown in Appendix H.  
 
Particular statistics that were noted included baseline residuals and the network 
reference factor ‘F’ test value.  These tests help to determine the quality of the 
adjustment applied and define rogue observations.   
 
Imperfections in the starting coordinates and setup errors mean a small amount of 
error is inherent in the survey.  Realistic standard deviations accounting for these 
differences are therefore required to be input to the associated fields before processing 
the fully constrained network.   
 
As one of the setups for each baseline involved the use of a tripod and laser plummet 
a standard deviation of 3mm was allowed for centring error.  Calculated standard 
deviations, produced when calculating the mean starting coordinate, were used to seed 
the standard deviation for the relevant coordinate. 
 
The ‘F’ test gives an indication as to how well estimated errors are working in the 
network adjustment.  Correct error estimates in a network will deliver an ‘F’ test 
result of 1.  The adjustment results were studied to determine that the F test was 
acceptably close to a value of 1.  
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Residuals quantify the amount of adjustment applied to fit the observations to the 
control network.  The absolute relative value of each residual also provides a useful 
guide when looking for unsatisfactory measurements.  These residuals, expressed in a 
3 dimensional vector, are shown in table 4.8. 
  
Table 4.8: GPS Baseline vector residuals after adjustment. 
Date / Station 
GPS Baseline Vector 
Residuals (m) 
  
31/05/2009  
BOOV 0.0079 
HAIG 0.0129 
POND 0.0058 
  
5/06/2009  
BOOV 0.0030 
HAIG 0.0126 
POND 0.0098 
  
12/06/2009  
BOOV 0.0071 
HAIG 0.0131 
POND 0.0060 
  
19/06/2009  
BOOV 0.0088 
HAIG 0.0112 
POND 0.0058 
  
10/07/2009  
BOOV 0.0060 
HAIG 0.0174 
POND 0.0095 
  
31/07/2009  
BOOV 0.0036 
HAIG 0.0062 
POND 0.0080 
 
 
 
Upon acceptance of the adjustment results, the final adjusted coordinate for the IPSW 
reference antenna was tabulated for comparison.  Results are shown in table 4.9: 
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Table 4.9: Adjusted MGA94 Coordinates for IPSW 
Date / Station 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height 
∆E  
(m) 
∆N  
(m) 
∆Ht 
(m) 
       
31/05/2009       
IPSW  476350.095 6945294.034 90.053 0.000 0.000 0.000 
       
5/06/2009       
IPSW  476350.095 6945294.020 90.049 0.000 -0.014 -0.004 
       
12/06/2009       
IPSW  476350.093 6945294.026 90.052 0.002 -0.008 -0.001 
       
19/06/2009       
IPSW  476350.097 6945294.028 90.056 0.002 -0.006 0.003 
       
10/07/2009       
IPSW  476350.097 6945294.035 90.070 0.002 0.001 0.017 
       
31/07/2009       
IPSW  476350.099 6945294.034 90.075 0.004 0.000 0.022 
       
Standard 
Deviation    0.0023 0.0062 0.0115 
   
 
 
4.5 DERM Results 
 
Results of the Qld. DERM’s own internal monitoring method have been obtained.  
These data sets will be used to provide a relative comparison to other methods already 
applied in the project. 
 
As discussed in the literature review, the method used by DERM to monitor the 
network involves using a single point constrained network in a daily processing 
session.  The fixed station (Beenleigh) is the same for each monitoring session, whilst 
the software automatically selects the best network of non-trivial baselines to use.  
Coordinate values are thus propagated from the fixed station and relative comparisons 
to previous values can be made. 
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From the obtained data sets the coordinate values on the relevant monitoring session 
dates were selected.  These results are displayed as both absolute values and relative 
differences in table 4.10. 
 
Table 4.10: DERM relative coordinate comparison for station IPSW 
Date / Station 
MGA94 
Easting 
MGA94 
Northing 
Ellipsoidal 
Height 
∆E   
(m) 
∆N  
(m) 
∆Ht 
(m) 
       
31/05/2009       
IPSW  476350.117 6945294.077 89.883 0.000 0.000 0.000 
       
5/06/2009       
IPSW  476350.114 6945294.077 89.872 -0.003 0.000 -0.010 
       
12/06/2009       
IPSW  476350.114 6945294.078 89.880 -0.003 0.001 -0.002 
       
19/06/2009       
IPSW  476350.112 6945294.075 89.877 -0.004 -0.002 -0.006 
       
10/07/2009       
IPSW  476350.112 6945294.075 89.881 -0.005 -0.002 -0.001 
       
31/07/2009       
IPSW  476350.116 6945294.076 89.888 -0.001 -0.002 0.005 
       
Standard 
Deviation     0.0017 0.0014 0.0056 
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4.6 Summary 
 
The results that were obtained in the data collection phase of the project were 
presented in this chapter.  These results included the terrestrial observations, 
AUSPOS results and static GPS survey results.  The static GPS observations were 
processed as both individual baselines and in a fully constrained network adjustment. 
 
The results have been presented in a standardised tabular format showing absolute 
coordinate values and relative difference to the initial monitoring session.  Standard 
deviations of the mean differences in easting, northing and height give some insight to 
variability within the data sets.  It should be remembered that due to differing 
methods of initial coordination, the absolute values between methods are not 
necessarily comparable.  This has no effect on the project as relative differences only 
are of importance. 
 
Where appropriate quality information was available from the processing software the 
results were also listed.  In particular this was relevant to the baselines processed 
whilst performing the static GPS reductions. 
 
Finally, data sets obtained through the CORS antenna network operator were 
obtained.  These results were presented in a format consistent with those already used 
in the project.   
 
The presentation of results will allows analysis of these results to be performed in the 
subsequent chapter.  Comparative analysis between the methods should determine the 
presence of any antenna instability over the course of the project. 
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Chapter 5 
 
Analysis 
 
 
5.1  Introduction 
 
Results obtained from measurements undertaken in the project were presented in the 
previous chapter.  This chapter will follow on from the results presentation by 
providing comment and analysis regarding these results. 
 
Analysis of the results will be done with consideration to the project aims of 
determining suitable methods for monitoring a CORS antenna for stability.  Analysis 
will particularly focus on the relative movement found and statistical outcomes of the 
various methods.  This will provide a basis for comparison of the methods. 
 
The results from each of the monitoring methods will initially be analysed 
individually.  A comparative analysis between the results of all of the methods 
adopted and the results obtained from DERM will then be performed.  The level of 
agreement between methods will help to determine the validity of the differing 
techniques. 
 
Results of the analysis chapter of the report will enable conclusions to be drawn and 
presented in the following section. 
 
. 
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5.2  Terrestrial Observations 
 
The measurement technique adopted for this monitoring method incorporates an 
inherent level of uncertainty.  This is due to instrument accuracy and setup errors.  
Quantifying the level of this uncertainty will conclude whether any antenna 
movement that was detected can be declared statistically significant. 
 
As discussed in previous sections, the observations were performed using a Leica 
TPS1203 total station.  This instrument has a standard deviation of 3” for both 
horizontal and vertical angles.  The specified distance accuracy is 2mm + 2ppm.  
Where tripods or prism poles were used a nominal centring error standard deviation of 
3mm was considered applicable.  Heights measured between ground marks and 
instrument / prism optical centres were also considered to have a standard deviation of 
3mm. 
 
Random errors in linear form propagate through a survey according to the following 
mathematical formula: 
 
  ET2 = E12 + E22 + E32……..En2    (5.1) 
 
Where: ET = Total error; 
  E1,2,3…n = Individual errors. 
 
As a total station was used for the monitoring surveys, the angular aspect of 
measurements means the errors are non linear.  The process of linearisation is 
achieved using the formula: 
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where:  y  = quantity computed from several individual measurements; 
  x = individual random measurements; 
  s = standard deviation of the individual measurements. 
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In accordance with formula 5.5, the calculation of the error propagated through the 
monitoring survey was undertaken using the software package Leica Geo Office.  
This software conveniently allows the application of standard deviations to the 
various measurement elements used to determine the coordinates of stations 
propagated through a survey. 
 
Entry of the relevant standard deviations, based on the previously stated instrument 
and centring / height specifications, resulted in a final standard deviation for each 
coordinate plane.  It is noted in survey standards, such as the ICSM SP1 
documentation, that precision levels of coordinates are generally presented at the 95% 
confidence level.  However, for the purpose of this project and ease of relative 
comparison between methods, precision results will be shown here at the 67% or 1s 
level. 
 
Comprehensive results of the standard deviations of stations used in the terrestrial 
survey can be found in Appendix E.  For ease of reference, table 5.1 lists the results of 
the terrestrial observation method standard deviations for IPSW. 
 
Table 5.1 Standard deviations (s) of antenna IPSW using terrestrial observation 
method 
s  Easting (m) s  Northing (m) s  Ellipsoidal Height (m) 
0.0065 0.0087 0.0055 
  
Based on these results, it is concluded that it will only be possible to conclusively 
indicate movement has occurred in instances where the amount of measured 
movement is greater than the standard deviations listed above. 
 
The results of the terrestrial observations were tabulated in table 4.2 on page 53.  A 
graphical representation of these results is displayed below in table 5.2.   
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Table 5.2: Terrestrial observation relative coordinate differences for IPSW 
Terrestrial Observations Station IPSW
∆E
∆E ∆E∆N
∆N
∆N
∆Ht
∆Ht
∆Ht
-0.008
-0.006
-0.004
-0.002
0.000
0.002
0.004
Session
M
et
re
s
∆E -0.002 -0.003 -0.004
∆N -0.004 -0.006 -0.002
∆Ht 0.002 -0.001 0.000
20/06/2009 IPSW 11/07/2009 IPSW 1/08/2009 IPSW
 
 
 
PSM32026 was used as the coordinate datum for the survey and it was first necessary 
to confirm that this station was indeed stable throughout the entire monitoring 
process.  Coordinate values calculated from radiations taken to STN101 and STN102 
as well as a reading to PSM32027 allowed stability to be monitored by comparison.  
  
Results listed in table 4.2 indicate the maximum coordinate difference seen at any of 
these 3 stations was 3mm.  (Northing for STN102 on 1/8/2009).  Given the stated 
instrument accuracy and considering possible setup errors, it is considered that this 
value is within the margin of error for the survey.  Subsequently it is reasonable to 
assume the station has not moved to a degree significant to the measuring tolerance of 
this project.  This check would also indicate correct heights had been used for the 
instrument setup at this station. 
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The maximum variation of the IPSW station recorded was -6mm in the northing 
plane.  In the other planes the maximum variation was -4mm easting and +2mm for 
height.  Propagation of standard deviations of errors through the survey would 
indicate that none of these values is within the margin of error of the survey.  No 
significance can therefore be placed on variations of this magnitude. 
 
Based on this, it is not possible to say any movement could be detected on these 
particular dates using the terrestrial observations from this project.  If the assumption 
was made that the antenna was stable for the entire project then the errors, seen as 
variation in coordinates, would fit within the bounds of survey accuracy for the 
method adopted.  
 
  
5.3  AUSPOS  
 
With observation sessions at the IPSW reference antenna lasting for between 12 and 
24 hours duration, it was anticipated the AUSPOS results should produce results in 
accordance with the service providers specifications.  The relative location and good 
sky visibility present at the IPSW antenna would have been expected to provide a 
‘clean’ data set. 
 
Checking of the logged data files using the Leica GNSS QC quality application 
verified this assumption in an anecdotal sense.  These results, presented in table 4.3 
on page 55, were all within specified tolerance values. 
 
The final AUSPOS coordinates were then tabulated in table 4.4 on page 56.  Once 
again the differences in coordinate values from the initial monitoring session were 
calculated.  For convenient reference a graphical representation of these results is 
presented in table 5.3.  
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Table 5.3: AUSPOS relative coordinate differences for IPSW  
AUSPOS IPSW
∆E
∆E
∆E
∆E
∆E
∆N
∆N
∆N
∆N
∆N
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
Session
M
et
re
s
∆E 0.002 0.020 -0.003 0.005 0.000
∆N 0.001 0.007 0.013 0.010 0.004
∆Ht -0.003 -0.020 0.040 -0.009 0.021
5/06/2009 IPSW 12/06/2009 IPSW 19/06/2009 IPSW 10/07/2009 IPSW 31/07/2009 IPSW
 
 
Geoscience Australia proposes that the stated accuracy of the AUSPOS service is +/-
10mm horizontally and +/- 20mm vertically given sufficient data.  For the purpose of 
this project it was decided that variations greater than the AUSPOS specified 
accuracies may be considered significant.  In particular the easting variation of 
+20mm on the 12/06/2009 and the height variation of +40mm on the 19/06/2009 are 
double the stated accuracy for the relevant coordinate plane.  Heights recorded on the 
12/06/2009 and 31/07/2009 both border on being significant values. 
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Viewing these results in isolation it is possible to suggest some variation in the 
antenna position was apparent.  Further analysis through comparison to other methods 
will determine if any concurrence is apparent.  This comparison will be performed 
later in this chapter. 
 
 
5.4  Individual Static Baselines 
 
The method of using static baselines from fixed ground stations returned a 
coordinated position for IPSW from each baseline in each monitoring session.  This 
meant 3 different coordinates were produced for each simultaneous session. 
 
Data quality results that were presented in table 4.5 on page 57 show some 
noteworthy values requiring further discussion.  In the session dated 5/6/2009, the 
multipath error for observations at station POND is slightly above tolerance for the L2 
band and the number of cycle slips is also slightly above tolerance on the observations 
at HAIG.  On the 12/6/2009 the number of cycle slips in the data observed at HAIG 
was also slightly out of tolerance. 
 
All of these instances exceed the critical value by minimal amounts.  For this reason 
the data was accepted.  However the sessions containing this data were noted and 
viewed with a degree of caution.  
 
It is also interesting to note the relative average multipath levels for each site.  The 
stations at both HAIG and particularly POND were considerably higher in error value 
than the station BOOV.  It is not readily apparent why this would necessarily be the 
case when viewing these sites in the field.  Unfortunately the software utility used in 
the multipath error determination was not available at the start of the project.  Some 
pre-analysis of sample data obtained at each site would have been a worthwhile 
exercise.  
 
To determine if variation in these coordinates is indeed meaningful within this 
technique, it is again necessary to examine the expected accuracy of the method.  The 
manufacturer specified accuracy for the equipment used for the static observations 
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(Leica ATX1230GG) in ‘normal’ conditions is 5mm + 0.5ppm horizontally and 
10mm + 0.5ppm vertically.  The qualification of the phrase ‘normal’ and the 
generalisation of the term ‘long duration’ does mean that these values should be seen 
as more of a guide than being strictly adhered to.  However, for the purpose of the 
project it is assumed the field observations fit within these guidelines and the 
specification will be used.  
 
Centring errors introduced through the use of a tripod and laser plummet were again 
considered to introduce an error standard deviation of 3mm.  Considering the baseline 
length and centring error, the linear error propagation formula (5.1) discussed 
previously, was used to determine the value of statistical significance for the survey.  
This calculation revealed that significant movement occurred in results where 
horizontal coordinates differ by greater than 7mm and vertical coordinates differ by 
greater than 11mm. 
 
The results of this method were presented in tabular form in table 4.6 on page 59.  A 
graphical representation of the differences in coordinate value relative to the initial 
session is shown in table 5.4. 
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Table 5.4: Individual Static GPS baseline relative coordinate differences for IPSW 
Static GPS Observations IPSW
∆E
∆E ∆E ∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆E
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆N
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht ∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
-0.020
-0.010
0.000
0.010
0.020
0.030
0.040
Session
M
et
re
s
∆E 0.002 -0.002 -0.002 -0.002 -0.004 -0.002 0.001 -0.004 0.000 0.010 0.003 0.001 0.006 0.001 0.005
∆N -0.014 -0.013 -0.016 -0.007 -0.006 -0.012 -0.005 -0.007 -0.014 0.009 0.007 -0.004 0.003 0.003 -0.007
∆Ht 0.001 -0.004 -0.006 0.000 -0.001 0.000 -0.008 -0.009 -0.005 0.031 0.025 0.010 0.024 0.027 0.018
5/06/2009
IPSW - 
BOOV 
IPSW - 
HAIG 
IPSW - 
POND 
12/06/2009
IPSW - 
BOOV 
IPSW - 
HAIG 
IPSW - 
POND 
19/06/2009
IPSW - 
BOOV 
IPSW - 
HAIG 
IPSW - 
POND 
10/07/2009
IPSW - 
BOOV 
IPSW - 
HAIG 
IPSW - 
POND 
31/07/2009
IPSW - 
BOOV 
IPSW - 
HAIG 
IPSW - 
POND 
 
 
Based on the values deemed as being statistically significant, analysis of the 
coordinate differences reveals several of the baselines produced coordinates with 
variable values.  It would be expected that this method would indicate actual 
movement in the reference antenna when all of the baselines in that session indicate a 
concurrent result. 
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Data from the session dated 05/06/2009 shows variability in the coordinate 
differences in the north south direction.  Baselines from all 3 stations indicated a 
northing variation relative to the initial session (31/05/2009) of between -13mm and -
16mm.  The following session date 12/06/2009 shows a smaller amount of variation (-
6mm to -12mm) relative to the initial session.  This is within the region of being 
statistically significant.     
 
The session dated 10/07/2009 show height variation relative to the initial session from 
all stations of between +10mm and +31mm.  The subsequent session (31/07/2009) 
also shows a height shift from the initial session of between +18mm and +27mm.  On 
its own, this data would tend to indicate some height variation in the reference 
antenna.  Further comparative analysis against the other measurement techniques will 
be performed later in this chapter.  The level of correlation between independent 
methods will be used to confirm the validity of the variation seen in these results. 
 
 
5.5 Adjusted Static Network 
 
The initial analysis of the results pertaining to the adjusted network focuses on the 
AUSPOS derived coordinate values used to seed the ground stations.  Based on the 
specified accuracy of the AUSPOS system, it was anticipated good quality starting 
values would be obtained. 
 
Examination of the coordinates resulting from each session reveals a large variability 
in the height values.  This variability is shown in the standard deviation of the mean 
values.  The stations at HAIG and POND each had standard deviation values over 
40mm.  This is over twice the specified vertical accuracy of 20mm.  In addition the 
mean easting coordinate for BOOV had a standard deviation of almost 15mm.  This 
figure is also outside the stated accuracy of 10mm. 
 
Observation periods for these co-ordinations were all of approximately 8 hours in 
duration.  This satisfies the stated specification of data sets being a minimum of 6 
hours duration.  These data sets were the same as those used to produce the static 
baselines. 
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Obviously the data sets that produced quality indicators in multipath and cycle slips 
outside of threshold values need to be viewed cautiously.  It is also noted that 
AUSPOS reports returned flagged two of the resultant baselines (HAIG and POND on 
the 19/06/2009) as failing there own internal quality tests due to high RMS values. 
 
As these baselines are processed by AUSPOS and only limited data regarding their 
quality is returned it is difficult to determine the exact reason as to why there is such 
variation in the coordinates.  Possible reasons include: 
 
· Long baseline length.  The 3 baselines processed in each data set were all 
to Parkes in NSW and Mt. Stromlo in Canberra.  These baseline lengths 
are approximately 750km and 900km respectively. 
· The observation times were at the minimum end of the required times. 
· Noise / multipath in the data sets. 
· A combination of the above factors. 
 
At this stage some thought was given as to whether to proceed with the adjustment 
based on these values.  However as absolute values were not required and time 
constraints were paramount it was decided they would be accepted.  It was hoped the 
mean values would produce coordinate values close to the true values.  In any case, 
the residuals from the resulting adjustment would provide a good indication of their 
quality.   
 
Upon proceeding with the fully constrained network adjustment based on these 
coordinates, a single coordinated point resulted from each monitoring session for the 
IPSW antenna.  As for the previous methods, the relative differences to the initial 
monitoring session were determined and presented in table 4.9 on page 64.  A 
graphical view of these same results is shown below in table 5.5. 
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Table 5.5: Fully constrained network adjusted relative coordinate differences for 
IPSW 
Network Adjusted Static GPS Results IPSW
∆E
∆E
∆E ∆E
∆E
∆N
∆N
∆N
∆N
∆N
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
0.025
Session
M
et
re
s
∆E 0.000 -0.002 0.002 0.002 0.004
∆N -0.014 -0.008 -0.006 0.001 0.000
∆Ht -0.004 -0.001 0.003 0.017 0.022
5/06/2009 IPSW 12/06/2009 IPSW 19/06/2009 IPSW 10/07/2009 IPSW 31/07/2009 IPSW
 
 
 Due to the nature of adjusting the coordinates relative to the fixed network it is 
difficult to quantify the level of uncertainty in values that would be deemed 
significant.  It is expected that the results of the adjustment would show less 
variability than the individual baselines for each session.  Although these same 
baselines are used in the network, the least squares adjustment will tend to ‘smooth’ 
the resultant coordinate. 
 
Results indicated that the session dated 05/06/2009 shows some variation in northing 
(-14mm).  The session dated 10/07/2009 and 31/07/2009 both display possible 
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variation in the height relative to the initial session.  These results correlate as 
expected with those shown when the individual baselines were used. 
 
The least squares process has, as anticipated, removed some of the variability 
associated with the data sets using each individual baseline.  This is readily seen in 
that the standard deviation from all sessions is significantly lower than the standard 
deviation calculated for each of the individual baselines.  For convenience, table 5.6 
seen following, shows this comparison.  
 
Table 5.6: Comparison of relative coordinate difference standard deviations between 
individual static baselines and network adjusted results. 
Standard Deviation Of Mean for 
Individual Static Baselines (all 
sessions) 
∆E (m) ∆N  (m) ∆Ht (m) 
IPSW - BOOV  0.005 0.009 0.017 
IPSW - HAIG  0.003 0.008 0.017 
IPSW - POND  0.003 0.005 0.011 
    
Standard Deviation Of Mean for 
Network Adjusted Results (all 
sessions)  
   
IPSW .002 .006 .011 
 
 
Similarly to the individual static baselines, the results of the fully constrained network 
adjustment would therefore indicate a possibility of height displacement occurring 
between the initial session and the sessions dated 10/07/2009 and 31/07/2009. 
 
 
5.6 DERM Results 
 
For comparative purposes DERM results were included.  It is initially necessary to 
determine what level of variation should, in isolation, be considered significant. 
 
As for the previous static baselines the manufacturers stated accuracy specifications 
were consulted.  The specified figures for geodetic grade antennas (Leica AT504GG) 
of 3mm +0.5ppm horizontally and 6mm + 0.5ppm vertically were applied.  It was 
previously mentioned that these figure were used as a guide only, as it is difficult to 
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arrive at an all encompassing accuracy figure given the variability encountered in 
GNSS observation conditions.   
 
Several differences in the methods of observation between DERM and the static 
observations as performed in the project methods need first be considered.  These 
include: 
 
· The software on which the processing of DERM data occurs is of a superior 
nature.  The use of ‘BERNESE’ software allows the ability to accept earth 
orientation parameters, precise ephemeris and superior atmospheric modelling 
data.   
· Each baseline is processed on 24 hours of data as opposed to 6 - 8 hours in the 
case of the methods used in the project.  This should allow better resolution of 
ambiguities and a statistically better solution to be calculated. 
· The stations used in the SunPOZ network are all building mounted antennas 
ideally positioned to achieve the best possible unobstructed view of the 
skyline.  Cleaner data would be expected than that which was logged at the 
monitoring stations in the project. 
· The use of geodetic grade antennas, with superior qualities of multipath 
rejection, as opposed to standard antennas may improve the quality of 
observed data. 
· The fixed mounting nature of the network eliminates the chance of setup 
errors that were possible in the project due to the use of tripods and laser 
plummets. 
 
The longest possible baseline in the SunPOZ network is approximately 120km.  
Based on the stated specifications, horizontal accuracies in the order of +/-60mm 
would then be expected.  This figure is significantly greater than the results of the 
processed data obtained shows.  It was assumed that the above listed combination of 
ideal observation conditions is able to produce results far superior to this accuracy 
specification.  Subsequently this figure was disregarded as not being applicable for 
use in the project.  
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In the absence of a suitable figure being able to be determined from the specified data 
subjective judgement will be used in this analysis.  For ease of reference a graphical 
representation of the DERM data is shown in table 5.7. 
 
Table 5.7: DERM relative coordinate differences for IPSW 
DERM Processing Results IPSW
∆E ∆E
∆E
∆E
∆E
∆N
∆N
∆N
∆N
∆N
∆Ht
∆Ht
∆Ht
∆Ht
∆Ht
-0.012
-0.010
-0.008
-0.006
-0.004
-0.002
0.000
0.002
0.004
0.006
Session
M
et
re
s
∆E -0.003 -0.003 -0.004 -0.005 -0.001
∆N 0.000 0.001 -0.002 -0.002 -0.002
∆Ht -0.010 -0.002 -0.006 -0.001 0.005
5/06/2009 IPSW 12/06/2009 IPSW 19/06/2009 IPSW 10/07/2009 IPSW 31/07/2009 IPSW
   
 
In accordance with this judgement, no variation that was deemed to be significant is 
indicated in the data.  The maximum variation of 10mm in height between the initial 
session and that dated 05/06/2009 would appear well within any static GPS surveying 
standards for baselines of this length.  The maximum horizontal displacement of 5mm 
could also be reasonably thought to be within the accuracy constraints of static GPS 
observations of the type conducted.   
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Analysis of the DERM results would therefore tend to indicate that no apparent 
relative movement could be detected between the observation dates of the project. 
 
 
5.7 Comparative Analysis of all Methods 
 
To this stage, there appears to be a degree of conflict emanating from some of the data 
sets.  To further investigate this and analyse the results a comparison of all methods 
will lend further weight, or otherwise, to a particular set of results. 
 
To achieve this comparison all results have been graphically overlayed to allow 
relative differences to be readily viewed.  Separate graphs for the easting, northing 
and height planes have been prepared.  Table 5.8 represents the relative easting 
variation between the different monitoring methods. 
 
Table 5.8: Relative coordinate differences in easting – all methods 
Delta Easting All
-0.010
-0.005
0.000
0.005
0.010
0.015
0.020
0.025
Session Date
M
et
re
s
Adjusted Static GPS 0.000 0.000 -0.002 0.002 0.002 0.004
Terrestrial 0.000 -0.002 -0.003 -0.004
DERM 0.000 -0.003 -0.003 -0.004 -0.005 -0.001
AUSPOS 0.000 0.002 0.020 -0.003 0.005 0.002
BOOV GPS 0.000 0.002 -0.002 0.001 0.010 0.006
HAIG GPS 0.000 -0.002 -0.004 -0.004 0.003 0.001
POND GPS 0.000 -0.002 -0.002 0.000 0.001 0.005
31/05/2009 5/06/2009 12/06/2009 19/06/2009 10/07/2009 31/07/2009
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Earlier discussion revealed the AUSPOS measurement from the session dated 
12/06/2009 appears to show a meaningful difference relative to its stated accuracy.  
The graph shows that this movement is not reflected by any of the other methods.  It 
would therefore appear this measurement may be an out of tolerance measurement 
rather than an occurrence of reference antenna movement. 
 
There were no other significant variations in the easting plane that could be said to 
indicate antenna movement had occurred. 
 
As for the easting plane, the combined data sets for the northing plane are now 
displayed in table 5.9. 
 
Table 5.9: Relative coordinate differences in northing – all methods 
Delta Northing All
-0.020
-0.015
-0.010
-0.005
0.000
0.005
0.010
0.015
Session Date
M
et
re
s
Adjusted Static GPS 0.000 -0.014 -0.008 -0.006 0.001 0.000
Terrestrial 0.000 -0.004 -0.006 -0.002
DERM 0.000 0.000 0.001 -0.002 -0.002 -0.002
AUSPOS 0.000 0.001 0.007 0.013 0.010 0.002
BOOV GPS 0.000 -0.014 -0.007 -0.005 0.009 0.003
HAIG GPS 0.000 -0.013 -0.006 -0.007 0.007 0.003
POND GPS 0.000 -0.016 -0.012 -0.014 -0.004 -0.007
31/05/2009 5/06/2009 12/06/2009 19/06/2009 10/07/2009 31/07/2009
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Noteworthy points from previous discussion relevant to coordinate variation in the 
northing plane showed static GPS methods indicating relative displacement in the 
session dated 5/06/2009.  The comparison reveals that the DERM data and AUSPOS 
data does not show any correlation to these results.  Unfortunately terrestrial 
observations were not performed on this date.  It is therefore not possible to draw any 
conclusion as to whether the differences shown are a product of measurement 
variation or in fact antenna displacement. 
 
The AUSPOS measurement dated 19/06/2009 that falls slightly outside its specified 
accuracy range (10mm) is not reflected in any of the other methods.  It would appear 
that this result is a product of an out of tolerance measurement. 
 
Finally the combined data sets for the relative ellipsoidal height differences in each of 
the methods are shown.  Table 5.10 displays this graphically. 
 
Table 5.10: Relative coordinate differences in ellipsoidal height – all methods 
Delta Height All
-0.030
-0.020
-0.010
0.000
0.010
0.020
0.030
0.040
0.050
Session Date
M
et
re
s
Adjusted Static GPS 0.000 -0.004 -0.001 0.003 0.017 0.022
Terrestrial 0.000 0.002 -0.001 0.000
DERM 0.000 -0.010 -0.002 -0.006 -0.001 0.005
AUSPOS 0.000 -0.003 -0.020 0.040 -0.009 0.020
BOOV GPS 0.000 0.001 0.000 -0.008 0.031 0.024
HAIG GPS 0.000 -0.004 -0.001 -0.009 0.025 0.027
POND GPS 0.000 -0.006 0.000 -0.005 0.010 0.018
31/05/2009 5/06/2009 12/06/2009 19/06/2009 10/07/2009 31/07/2009
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Comments made in previous sections of this chapter pointed to a significant positive 
height displacement being indicated by the AUSPOS data in the session dated 
19/06/2009.  Again this variation is not reflected in any of the other data sets and the 
conclusion could be drawn that this represents a measurement out of tolerance. 
 
Possible significant relative height movement was indicated by the static GPS 
methods in the sessions dated 10/07/2009 and 31/07/2009.  This variation is not 
apparent to a significant level in the terrestrial observations, DERM results or 
AUSPOS results.  It is not possible to say conclusively whether this variation 
indicates antenna displacement or measurements being out of tolerance.  
    
 
5.8 Comparison of Method Precision 
 
It has been shown that the reference antenna (IPSW) monitored in the project appears 
generally stable at the centimetre level, within the level of accuracy of the monitoring 
methods used.  The exception to this are the two ambiguous and conflicting static 
GPS monitoring sessions discussed in the previous section.   
 
To provide further analysis as to the precision of each monitoring method, it may be 
useful to examine the variability witnessed in each of the data sets.  For this 
examination to be valid the assumption must be made that the reference antenna at 
IPSW was indeed stable throughout the project.  Comparison of the standard 
deviations from the mean value in each data set will therefore point to the precision of 
each method. 
 
While it is not conclusively proved that no movement occurred over the course of the 
project, it is probable that this was the case.  In any case, the examination should 
produce an interesting relative comparison of each method. 
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Table 5.11: Standard deviations of mean results for each monitoring method 
Method ∆E (m) ∆N  (m) ∆Ht (m) 
     
Adjusted Static 0.002 0.006 0.011 
Terrestrial 0.001 0.002 0.002 
DERM 0.002 0.001 0.006 
AUSPOS 0.009 0.005 0.024 
BOOV GPS 0.005 0.009 0.017 
HAIG GPS 0.003 0.008 0.017 
POND GPS 0.003 0.005 0.011 
.    
 
Noteworthy points that can be made from this data include: 
· The individual static baselines from stations at BOOV and HAIG fall outside 
the expected level of precision in the northing (7mm).   
· Individual static baselines from stations BOOV, HAIG and POND all fall 
outside the expected level of height precision (11mm). 
· The AUSPOS results are statistically outside of the stated tolerance for height 
(20mm). 
· The fully constrained network adjustment removes variability within the 
individual static baseline data. 
· The terrestrial observations were the most precise of the methods used.  
· The data sets are quite small (4 observations for the terrestrial data and 6 for 
all others) and the results are therefore open to the possibility of not being 
truly representative. 
 
Based on the assumption no movement of the reference antenna occurred, the results 
all fall either within or slightly outside the specified measurement accuracies.  The 
main exception to this was the static GPS results.  However, as discussed earlier, 
stated accuracies of GPS observations are somewhat difficult to quantify due to the 
variable nature of conditions and site locations. 
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5.9 Summary 
 
A detailed analysis of the results presented in chapter 4 has been conducted.  Initially 
the results of each individual monitoring method were analysed in isolation.  This task 
was accomplished by determining the value of variability that was significant above 
the expected margin of error for each technique. 
 
Once all of the methods had been assessed individually, a comparison of the data 
thought to show possible variation was performed relative to each of the other 
methods.  It was hoped correlation of results between techniques would support any 
notion that movement had occurred. 
 
In no instance was it possible to conclusively suggest movement of the reference 
antenna IPSW had occurred between the monitoring sessions in this project.  It was 
suggested some of the measurements undertaken were outliers from their expected 
accuracy tolerances. 
 
To compare the quality of each measurement technique, a test for precision within 
each data set was performed.  Standard deviations of the mean values within each set 
showed the terrestrial observations to be the most precise monitoring method.  
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Chapter 6 
 
Conclusion 
 
 
 
6.1 Introduction 
 
The preceding chapter has provided a comprehensive analysis of the results obtained 
during the course of the research.  A comparative approach was used to evaluate the 
effectiveness of the monitoring methods applied during the project. 
 
The function of the final chapter is to review the findings of the analysis with 
particular regard to the project aims.  Some qualified recommendations will then be 
made concerning the suitability of monitoring techniques for particular applications. 
 
Any noteworthy features or shortcomings in the research will also be discussed.  
These qualifications will allow other parties to evaluate any limitations particular to 
the research.   
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6.2 Conclusions of Methods 
 
The aim of the project was to develop methods to monitor a CORS antenna for 
stability.  Several individual monitoring methods were applied to an antenna in a field 
based environment.  These methods were then assessed as to their effectiveness and 
limitations.  
 
Closing statements regarding the effectiveness of each method will be presented in the 
following sections.  An overall comparative analysis will be summated from the 
individual methods. 
 
 
6.2.1 Terrestrial Observations 
    
Within the specifications of measurement accuracy, it was not possible to detect a 
significant level of movement of the reference antenna tested using terrestrial 
observations.  The maximum variations from the initial monitoring session are listed 
in table 6.1. 
 
Table 6.1: Maximum variations recorded at IPSW using terrestrial observations 
IPSW ∆ East (m) ∆ North (m) ∆ Height (m) 
Maximum variation -0.003  (11/07/2009) -0.006  (11/07/2009) 0.002  (20/06/2009) 
Standard deviation 0.001 0.002 0.002 
 
The method used to monitor the antenna required direct sight lines from nearby 
ground marks.  Inter-visibility restrictions imposed by the site environment limited the 
quality of this technique with regard to redundancy of observations and geometric 
configuration of the survey network.  This monitoring method was undertaken on 4 
occasions.  Statistical reliability of the results should therefore be viewed with a 
degree of caution due to the limited sample size.   
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This technique was performed using commonly available survey equipment that 
would normally be available to those in the survey industry.  Field observations and 
data reduction took approximately 4 hours per monitoring session.   
 
 
6.2.2 AUSPOS  
 
AUSPOS GPS results showed possible movement of the reference antenna, above 
significant stated accuracy levels, on 2 occasions.  Maximum variation recorded using 
this technique is listed in table 6.2.   
 
Table 6.2: Maximum variations recorded at IPSW using AUSPOS observations 
IPSW ∆ East (m) ∆ North (m) ∆ Height (m) 
Maximum variation 0.020  (12/06/2009) 0.013  (19/06/2009) 0.040  (19/06/2009) 
Standard deviation 0.009 0.005 0.024 
 
Comparison with the other measurement techniques used on the particular dates of 
these instances failed to show any correlation of the supposed movement.  It was 
therefore deemed that these results are most likely outliers resulting from data and or 
processing irregularities. 
 
On the assumption that nil or minimal antenna movement occurred during the project, 
the high standard deviation value in the height plane does not correlate with the 
service providers specifications.  Given the antenna type, location and the relatively 
long duration observation files used it was presumed the data sent was of a high 
standard.  This assumption was confirmed to some degree by results of an analysis 
using a software based quality analysis routine.  Sufficiently accurate and repeatable 
coordination in the height plane appears problematic using this method.   
 
With only 6 observation sessions used, the statistical reliability of these results may 
not be of a high order.  In view of this limitation, theses statistics should be viewed 
with a certain amount of prudence. 
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Subjectively, the AUSPOS measurement method was the simplest to undertake.  The 
electronic submission of RINEX data files logged at the reference antenna was all that 
was required.  However, the possible 2 week delay from the observation date in 
receiving results may be restrictive to some users.    
 
 
6.2.3 Individual Static GPS Baselines 
 
Individual static GPS baselines, simultaneously observed from 3 fixed ground marks 
were used to monitor the antenna stability on 6 occasions.  The first session was used 
to coordinate the ground marks. 
 
Observation sessions of between 6 and 8 hours duration were undertaken.  A quality 
analysis undertaken on the data revealed some multipath and cycle slip indicators 
above recommended tolerances.  It was concluded that these were most probably due 
to site specific irregularities. 
 
Error propagation calculations determined that values above 6mm in the horizontal 
plane and 11mm in the vertical plane could be considered significant.  Based on these 
values the results indicated several occurrences of significant movement.  The 
maximum variations recorded for each individual baseline in their respective planes 
are shown in table 6.3. 
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Table 6.3: Maximum variations recorded at IPSW using individual static GPS 
baselines 
Baseline ∆ East (m) ∆ North (m) ∆ Height (m) 
IPSW - BOOV    
Maximum variation 0.010 (10/07/2009) 
-0.014 
(05/06/2009) 
0.031 
(31/07/2009) 
Standard deviation 0.005 0.009 0.017 
    
IPSW - HAIG    
Maximum variation 
 
-0.004 
(12/06/2009) 
(19/06/2009) 
-0.013 
(05/06/2009) 
0.027 
(31/07/2009) 
Standard deviation 0.003 0.008 0.017 
    
IPSW - POND    
Maximum variation 0.005 (31/07/2009) 
-0.016 
(06/06/2009) 
0.018 
(31/07/2009) 
Standard Deviation 0.003 0.005 0.011 
 
 
Using this technique all baselines showed similar displacement above the significant 
value in the northing plane in the session dated 5/6/2009.  This movement was not 
reflected in the results obtained from other monitoring methods on this date.  It should 
be noted that the terrestrial observation method was not undertaken on this date and 
no comparison was possible against this more precise method. 
 
The monitoring sessions undertaken on the 10/07/2009 and 31/07/2009 both revealed 
that all 3 baselines showed displacement in the height plane.  Again this movement 
could not be conclusively substantiated when comparison to other methods was made. 
 
In a practical sense this monitoring method was the most difficult to undertake.  
Sourcing multiple sites having the attributes of good ground stability, good sky 
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visibility and good security was difficult with some compromises being required.  The 
resultant quality of GNSS methods is highly dependant on the ability of any chosen 
site to meet these site criteria.  
 
Performing the simultaneous setup and retrieval of 3 GPS receivers for logging was 
also a significant logistical undertaking.  As the baselines were processed 
individually, the amount of time spent processing data was comparatively small. 
 
Whilst it was suggested they were not necessarily needed, precise ephemeris files 
were used in this project.  If it was seen as desirable to use these files, the delay of up 
to 2 weeks in their availability may be limiting in certain instances.  
 
 
6.2.4 Fully Constrained Network Adjustment  
 
The data obtained from the individual static GPS observations was then used in a fully 
constrained network adjustment.  This resulted in a single coordinate for the IPSW 
station from each monitoring session. 
 
Initial coordination of the 3 ground stations was performed using the AUSPOS 
service.  The results of all 6 logging sessions were used to produce a mean starting 
coordinate value.  Some baseline solutions returned during this phase were 
statistically unsound and were not used.  The resulting coordinates produced from this 
source were more variable than was anticipated.  Whilst this was an undesirable 
outcome, the values were deemed acceptable to use to prove the theory behind this 
method. 
 
Due to the nature of the network adjustment procedure it was understood to be 
difficult to quantify the value of statistical significance to assign to errors propagated 
using this technique.  However the ‘F’ test results confirmed that the errors in the 
adjustment were consistent with those predicted.  
 
A by product of the network adjustment procedure are the residual vectors.  Due to 
the low quality starting coordinates, these values were shown to be relatively high. 
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The maximum variations recorded in any session using the network adjusted method 
are shown in table 6.4. 
   
Table 6.4: Maximum variations recorded at IPSW using a fully constrained network 
adjustment  
IPSW ∆ East (m) ∆ North (m) ∆ Height (m) 
Maximum variation 0.004  (31/07/2009) -0.014  (05/06/2009) 0.022  (19/06/2009) 
Standard deviation 0.002 0.006 0.011 
 
As they were sourced from the same data, these results tended to follow those of the 
individual baselines.  Subsequently this method also shows a possible displacement in 
the height of the antenna in the sessions dated 10/07/2009 and 31/07/2009.  This 
displacement was not confirmed by any of the other monitoring methods applied in 
these sessions. 
 
The time and difficulty in processing the data in a network adjustment is considerably 
greater than for the individual static baselines.  To some degree the quality of data 
from each session will dictate the difficulty experienced in achieving a network 
adjusted result passing statistical indicators.  Subsequently the processing effort can 
vary greatly from session to session. 
 
 
6.2.5 DERM Results 
 
For comparative analysis in the project, results of monitoring of the IPSW antenna by 
DERM were obtained.  These results are based on the results of a network adjustment 
to a single constrained point. 
 
The maximum coordinate variations obtained from all sessions are shown in table 6.5. 
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Table 6.5: Maximum variations recorded at IPSW using DERM results  
IPSW ∆ East (m) ∆ North (m) ∆ Height (m) 
Maximum variation 
-0.005 
(10/07/2009) 
 
 
-0.002 
(19/06/2009) 
(10/07/2009) 
(31/07/2009) 
-0.010 
(05/06/2009) 
Standard deviation 0.002 0.001 0.006 
 
 
Due to the length of baselines used within this network the statistically significant 
error margin for this method is quite large.  Based on this analysis, no significant 
movement could be detected at the IPSW antenna using the DERM results. 
 
 
6.2.6 Comparison of all Methods 
 
A comparison of all methods was performed to determine if any correlation between 
the methods existed.  This was performed separately for each individual axis (E,N and 
Ht).  
 
In all instances the comparative analysis confirmed the lack of correlation between 
suggested displacements from the various techniques in all sessions.  Subsequently it 
was not possible to conclude that any movement had occurred in the IPSW antenna on 
the dates monitoring was undertaken in this project.  
 
To evaluate the effectiveness of each technique the measurement precision indicated 
by the standard deviation of results from all monitoring session was analysed.  Small 
sample sizes require a degree of caution be assigned to these results.  The assumption 
that no movement of the antenna had occurred was made. 
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The results of this comparison revealed that terrestrial observation, performed using a 
total station, was the most precise method.  The network adjusted static baselines 
produced a statistically superior result to the individual static baselines.  The 
AUSPOS results were the least precise of the methods used.  The method used by 
DERM produces results inferior only to the terrestrial observations. 
 
Analysis of these results reveals that they are generally in line with predicted and 
stated measurement accuracies indicated by equipment manufacturers.  The only 
exception to this was the AUSPOS results which produced values outside of 
anticipated ranges. 
 
   
6.3 Close 
 
The project has used several alternate methods to test for long term stability of a 
building mounted CORS antenna.   
 
An analysis of the results obtained from each method determined not only the 
presence of any antenna movement, but allowed for a comparison of the precision 
associated with the different methods to be examined.  Practical issues arising during 
the undertaking of each method were also discussed. 
 
Undertaking field observations and the comparative analysis of the results from the 
various monitoring techniques has subsequently satisfied the project aims of 
developing methods of monitoring a CORS antenna for stability. 
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University of Southern Queensland 
 
FACULTY OF ENGINEERING AND SURVEYING 
 
Eng 4111/4112 Research Project 
PROJECT SPECIFICATION 
 
 
FOR:   Tony Camplin 
  
TOPIC: DEVELOPMENT OF METHODS TO MONITOR CORS 
ANTENNA STABILITY 
 
SUPERVISOR: Dr. Albert Chong  
 
PROJECT AIM: To compare methods for monitoring the stability of Global 
Navigation Satellite System (GNSS) antennas permanently 
mounted to buildings.  
 
PROGRAMME: Issue A,  23/3/2009 
 
1. Research existing methods used to coordinate and monitor stability of GNSS 
Continuously Operating Reference Stations (CORS) antennas. 
 
2. Analyse and evaluate existing monitoring methods. 
 
3. Plan a monitoring regime, using GNSS Static Surveying methods, to monitor 
the stability of a building mounted CORS antenna against fixed ground marks 
over a period of time. 
 
4. Perform the planned surveys for stability monitoring of the chosen antenna. 
 
5. Process data obtained during the monitoring surveys using appropriate survey 
reduction software. 
 
6. Perform an analysis of the results of the data processing. 
 
7. Compare the results against Queensland Department of Natural Resources and 
Water (NRW) data for the chosen CORS antenna. 
 
 As Time Permits: 
8. Compare the results against Geoscience Australia ‘AUSPOS’ processed 
coordinates for the chosen antenna. 
 
 
AGREED ______________________(Student),____________________(Supervisor) 
 
DATE:                /      / 2009                                               /      / 2009  
 
Examiner / Co-examiner:________________________________________  
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Activity: General Surveying Activities – On Roadway - Low Volume 
Location: Ipswich Pound, Booval Dep., Haig 
Sew  
 
Describe the Hazard/Risk Identified: Traffic 
 
Number of Staff at Risk:1-2 
Potential Effects: Serious injury, struck by vehicle, crushing 
 
TO DETERMINE THE LEVEL OF RISK COMPLETE RISK ANALYSIS MATRIX: 
RISK ASSESSMENT CALCULATOR C  O  N  S  E  Q  U  E  N  C  E 
 
LEGEND 
 
CONTROL OPTIONS 
 Minor Substantial Serious Very 
Serious 
Disast
er 
Very high 
risk, 
immediate 
action 
required 
 
ELIMINATE 
 
Eliminate the process, 
material or substance 
completely 
 
Almost 
Certain 
 
 
 
High 
 
 
High 
 
Very 
High 
 
Very 
High 
 
Very 
High 
 
V
H 
 
 
H 
 
 
High risk, 
prioritised 
action 
required 
 
 
SUBSTITUTE 
Replace the process, 
material or substance 
with a safer one 
 
Likely 
 
 
 
Moderate 
 
 
Moderate 
 
 
 
 
High 
 
Very 
High 
 
Very 
High 
ISOLATE 
 
Isolate the person(s) 
from the process, 
material or substance. 
 
Possible 
 
Low 
 
Low 
 
High 
 
High 
 
Very 
High 
 
M 
 
 
 
 
Moderate 
risk, 
planned 
action 
required 
ENGINEER 
 
Design or re-design the 
process material or 
substance. 
 
Remotely 
Possible 
 
 
Low 
  
Moderate 
 
Moderate 
 
High 
 
ADMINISTRATE 
 
Limit exposure to the 
risk by job rotation, 
procedure and training. 
 
Practically 
impossible 
 
Low 
 
Low 
 
Low 
 
Low 
 
Moderate
L Low risk, 
actioned by 
routine 
procedures 
 
PPE 
 
Use protective 
equipment 
L
 
I 
 
K
 
E
 
L
 
I 
 
H
 
O
 
O
 
D       
Short Term Controls: High visibility clothing, traffic control signs in accordance with MUTCD, 
                                       Training of all staff, Use observer in blindspot areas 
 
Long Term Controls:  As Above 
 
Recommended Controls: Adopt above controls 
 
Person Responsible to Action Controls: 
Controls Implemented: 
Date Completed: 
Signature: Date:                          /                          / 
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Example AUSPOS Report 
(30/05/2009) 
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Example LGO Report 
Individual Static Baseline 
IPSW – BOOV 
(31/05/2009) 
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Example LGO Report 
Fully Constrained Network Adjustment 
(31/05/2009) 
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